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ABSTRACT
ABSTRACT
The use of loiitting technology with advanced fibres such as glass, carbon and 
aramid, to produce near-net-shape fabrics has in recent years received increasing 
interest from the composite materials community. Knitted fabrics have the potential 
of being used in engineering stmctures with complex shapes in conjunction with a 
suitable liquid moulding technique, such as Resin Transfer Moulding (RTM), due to 
their excellent drapeability and manufacturability.
During previous studies in textile reinforced composites, an intimate 
relationship between the fabric architecture and the damage development has been 
demonstrated. In this work, the quasi-static tensile loading deformation behaviour and 
the relation between the fabric architecture and damage development have been 
studied for a weft Icnitted glass fabric.Tensile properties have been examined and the 
failure mechanisms have been identified experimentally by analysing the damage 
process in-situ with a camera and by studying fracture surfaces using scanning 
electron microscopy (SEM). The acoustic emission technique was used to support the 
microscopic analysis .
The work has investigated the tensile properties and failure mechanisms of 
three knitted fabric reinforced composite laminates reinforced with a Milano weft 
Icnitted glass fabric. The three composites were (i) a single layer of fabric reinforcing 
epoxy resin, (ii) a single Icnitted fabric layer sandwiched between 0° glass fibre 
unidirectional plies (again with the glass reinforcing epoxy resin), and (iii) the same 
Icnitted glass fabric but this time used as the reinforcement in commercially produced 
high fibre volume fraction composites (using the RTM technique).
ABSTRACT
The variation of mechanical properties with angle (from wale to course) has 
been measured for the single layer of the fabric reinforcing epoxy resin by orientating 
the wale direction of the fabric at different angles. Mechanical properties have been 
measured for each angular orientation and comparisons were made between them, 
especially with regard to the planes of final failure.
The single layer composites failed as soon as the first damage was initiated. 
Hence, to investigate damage accumulation, a novel technique was employed to 
manufacture a sandwich laminate, which consisted in placing a single Icnitted fabric 
layer between 0° glass fibre unidirectional plies. The success of this method is that the 
accumulation of damage in the Icnitted architecture was allowed to be studied and 
some characteristics of crack initiation and crack propagation could be related to the 
fabric geometry and structure.
Experiments on these model transparent materials have been complemented by 
tests on two types of commercial knitted fabric composite manufactured by the RTM 
process. Characterization of these materials under tensile loading has been carried out 
for monotonie and cyclic loading and the results have been compared with those 
found for the single layer and the sandwich model material. Various failure 
mechanisms such as cracking at loop cross-over points, resin matrix cracking, fibre 
bundle debonding and tensile fracture of fibre bundles in failed specimens were 
observed. The behaviour of the commercial RTM specimens has been discussed in 
the light of the results obtained from the model single layer and sandwich specimens.
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CHAPTER 1
CHAPTER 1 
INTRODUCTION
Considerable research has been directed at understanding the behaviour of 
composites made using textiles in an attempt for these materials to gain wider 
industrial acceptance. Over the years, the textile manufacturing industry has 
developed the ability to produce net-shaped fabrics using highly automated techniques 
such as stitching, weaving, braiding and knitting. In the manufacture of preforms for 
advanced composite materials, textile technology has been under intensive 
investigations due to the potential of these materials to produce low-cost high quality 
structures with improved mechanical performance.
Among these textile techniques, loiitting is particularly suited for the 
manufacture of composites with complex three-dimensional shapes, since structures 
with complex shapes can be very difficult and expensive to manufacture using 
standard prepreg or wet lay-up technology. Knitted fabric can be stretched to a high 
degree and thus can be formed into the desired complex shape prior to resin 
infiltration to produce the composite component. This advantage of the loiitted fabric 
(i.e. the ability to be shaped) is due to its fibre structure. However, when the fabric is 
stretched, distortion of the looped fibre architecture in the direction of stretching 
occurs which may also affect the final performance of the composite component. The 
highly looped fibre architecture dictates the mechanical properties of the final 
composite because these properties are greatly affected by the loop length and loop 
density. Although the knitting loops can be extremely complicated, they always 
follow a repetitive pattern; hence repetitive volume elements can be identified. It is 
interesting to observe that different knitting structures will have different degrees of 
symmetry. The final composite properties are also dependent on factors such as 
volume fraction that can be altered with the number of fabric layers employed to 
make the component.
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With increasing interest in knitted fabric composites, many investigations have 
been oriented to analyse the mechanical properties and to compare them with other 
textile reinforcements. In general, it has been shown that, although knitted fabric 
composites do not possess the same high tensile properties as many other 
composites, they have high impact damage resistance; hence they can be considered 
for crashworthy structural members in automobiles or in the fabrication of elements of 
protection, such as helmets.
Composites based on Icnitted fabrics are relatively a new class of composite 
materials and extensive mechanical analysis has not yet been carried out, particularly 
in this area of damage development and quantification. It is very important to know 
the failure process of this kind of composite material in order to predict its behaviour 
and improve its properties. This project aims to investigate the development of 
damage in a typical Icnitted fabric reinforced composite using a model material which 
enables damage progression to be observed directly. The results are related to 
additional work carried out on a commercially produced Icnitted fabric composite.
Some actual analysis and examinations carried out by researchers in the 
composite field are considered to cover the information available in the literature 
review. The experimental procedures and the novel method for laminating knitted 
cloth are also described in detail as well as the results obtained from the experiments 
carried out.
The structure of the thesis is as follows. In Chapter 2, the literature review 
presents a brief review of composite materials and a review of work on knitted fabric 
composites. Chapter 3 considers all the aspects for the manufacturing and the 
mechanical and microstructural evaluation of the samples of knitted fabric 
composites. Chapter 4 includes the results and discussion for the damage behaviour 
obtained for the model material. The results for the engineering material (RTM) and 
its damage progression and comparisons are discussed in Chapter 5, while detailed 
information about the crack-structure relationship derived by microscopy evaluation 
is presented in Chapter 6. Finally, conclusions and further work are shown at the end.
CHAPTER 2
CHAPTER 2 
LITERATURE REVIEW
2.1. INTRODUCTION
Composites are formed by the combination of two materials in which one of 
these materials is named the reinforcing phase, is presented in the form of fibres, 
sheets, textiles or particles and is embedded in the other material, named the matrix 
phase. Generally reinforcing materials are strong with low densities while the matrix 
is usually a ductile or tough material. If the composite is well designed and 
manufactured correctly, it will combine the strength of the reinforcement with the 
toughness of the matrix to achieve a combination of desirable properties that are not 
found in the single conventional material. However, composite materials do not 
always exhibit their theoretical strength since micro-flaws can be found in them. On 
the other hand, fibres can show dramatic enhancement in strength compared to the 
bulk material, therefore composite materials can benefit by the superior properties of 
these fibres, being protected by the matrix from environmental and physical damage, 
and allowing the transfer of load to fibres.
Composites can be produced with a wide range of combinations due to the 
variety of available reinforcement and matrix materials as well as the ability to mix 
them in a broad range of volume fraction in order to take advantage of the most 
desirable characteristics of each constituent. Therefore, composite materials offer low 
density, corrosion resistance and good insulation properties, in addition to high 
strength and stiffiiess. They have won wide acceptance in several areas of the 
industry, from consumer products to space research. Several introductory texts for 
composite materials can be found in the literature (eg. Daniel and Ishai, 1994; Harris, 
1999; Matthews and Rawlings, 1994, amongst others).
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This Chapter is divided into two sections. Firstly, a general introduction 
concerning composite materials reinforced with textiles is presented. Secondly, a 
broad revision of the mechanical behaviour of Icnitted fabric composites is discussed. 
Finally, the comments included will demonstrate the relevance of this specific project 
in the materials field.
2.2. TEXTILE REINFORCEMENTS
Nowadays the textile industry has developed advanced technologies that allow 
the fabrication of fabrics with complex structures and geometries which provide them 
with particular properties. Several factors can interact in the manufacturing of fabrics 
such as the distribution of fibres in two or three dimensions as well as combinations 
of different types of fibres in the same textile (named commingled textile). Fabrics 
can be manufactured by different techniques depending on the architecture they will 
have at the end. Such techniques lead to loiitted, woven and non-woven 
reinforcements. Material composites reinforced with textiles have been widely 
investigated in the last thiee decades and in recent years they have received increasing 
interest from the composite materials community. Figure 2.1 illustrates some 
examples in which textile-based composites have been used. Textile technology is 
becoming highly applied in a wide range of new applications that it is replacing 
current metal technology in several fields even modifying old traditional composite 
manufacture processes such as autoclave and pre-pregging. The main reason is the 
potential of the textile-based composite materials for reducing manufacturing costs 
and improving processability as well as having minimum material wastage and 
reducing production time. On the other hand, their mechanical properties can be 
tailored to increase and improve their engineering performance. In the last years of the 
20‘^  century, conferences devoted to composite materials had burgeoning sessions on 
textile reinforcements (Ogin, 2000).
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Among the wide range of fibre reinforcements (mats, braided, stitched, 
knitted, etc) woven fabrics for polymeric matrices are considered to be an established 
application, but many others are still the subject of recent research projects. For 
instance, a knitted glass fabric drawn over a mould and injected with resin (using 
RTM technique) has been used to manufacture a door component for a helicopter in 
order to replace the ordinary processing route based on autoclave processing of 
carbon fibre/epoxy resin pre-preg material (Leong et al, 1997)
Generally, for structural and engineering applications, the main properties 
which are normally taken into account are stiffness, strength and resistance to 
damage/crack growth. The intention of the next sections is to give a brief introduction 
to textile-reinforced composite materials employing several types of reinforcements.
2.2.1. MATS
Mats are non-woven fabrics that provide equal strength in all directions. These 
fabrics come in two distinct forms: chopped and continuous strand. Chopped mats 
contain randomly distributed fibres that are held together with a chemical binder. 
Inherently weaker than continuous strand mats, chopped-strand mats provide low-cost 
plastic reinforcement. Chopped mat is used primarily in hand lay-up, continuous 
laminating and some closed moulding applications.
Continuous-strand mat is formed by swirling continuous strands of fibre onto 
a moving belt. The mat is finished with a chemical binder that holds the fibre in place. 
Continuous strand mat is primarily used in compression moulding, resin transfer 
moulding and pultrusion applications as well as to fabricate performs and stampable 
thermoplastics. Extremely lightweight mats are often used as surfacing veils. Having 
a very open (non-dense) fibre anangement, these mats are designed to accept a high 
ratio of resin to fibre, thereby producing a thick and smooth resin-rich finish 
(Schaffer, 1999).
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2.2.2. WOVEN FABRICS
Woven fabrics are fabricated on looms in a wide variety of weights, weaves 
and widths. Bi-directional woven fabrics provide good strength in the 0 and 90 degree 
directions. They also allow faster composite fabrication compared to using two 
laminates and applying one in each direction. However, woven fabrics provide lower 
tensile strength than separate unidirectional fibre laminates because fibres are crimped 
as they pass over and under one another (Marsden, 1996).
Several different weaves are used for bi-directional fabrics. In plain weave, 
each fill yam or roving alternately crosses over and under each warp fibre. Other 
weaves, such as harness satin and basket weave, allow the yam or roving to cross over 
and under multiple warp fibres at a time. These weaves tend to be more pliable and 
conform more easily to curved surfaces. Woven roving is a thick fabric that is used 
for heavy reinforcement, especially in hand lay-up operations. Due to its relatively 
coarse weave, woven roving wets quickly and is relatively inexpensive. Exceptionally 
fine fibreglass fabrics can also be produced. One use for these fine fabrics is for 
reinforcing printed circuit boards. Hybrid fabrics can be constmcted with different 
glass types, strand compositions or fabric types. For example, high-strength strands of 
S-type glass or small diameter filaments may be used in the longitudinal direction 
while less costly strands are woven across the fabric. Altematively, stitching the two 
types of fabric together may create a hybrid of woven and mat fabrics.
The mechanical behaviour of composites reinforced with woven fabric is an 
indication of the properties of the fibre and the fibre architecture (i.e. fibre orientation 
and distribution). For example, Raju et al (1990) found a reduction in the modulus for 
carbon/epoxy laminates moving from 8-hamess(73 GPa) to 5-harness (69 GPa). The 
tensile strengths presented in woven composites are also slightly lower than that 
exhibited by the nonwoven equivalents. Bishop (1989) made comparisons between 
woven composites and unidirectional equivalent laminates and found a reduction in 
the tensile strength of 23%. On the other hand, glass reinforced woven fabrics display 
lower mechanical properties compared with carbon fibres due to the lower value in 
the modulus for glass fibres.
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Fujii et al (1993) cited Young’s modulus and tensile strength values for a plain 
weave glass/polyester (Vf=33%) of 17 GPa and 23lMPa, respectively, while Boniface 
et al (1993) reported similar values for an eight-harness glass/epoxy composite, i.e. 19 
GPa and 319 MPa respectively (Vf=37%).
Under tensile loading of woven fabric reinforced composites damage 
development is characterised by matrix cracking in the off-axis tows at strain well 
above about 0.3-0.4% (a description of matrix cracking is given later, section 2.3). 
The majority of investigations performed on damage development have considered 
biaxial fabrics loaded in the warp direction. In the woven fabric, weft bundles act as 
initiation sites and when the load or strain is increased, the density of cracks is 
augmented; this can sometimes strongly resemble the 90 ply cracks which are 
presented in cross-ply laminates (Marsden, 1996). The Young’s modulus reflects the 
accumulation of cracks in the composite material by a gradual decrease in its value. In 
carbon woven composites the matrix cracking can lead to considerable delamination 
in the region of the crimps in adjacent tows which subsequently reduce the 
mechanical properties (Gao et al, 1999a).
2.2.3. BRAIDED FABRICS
Braided materials are generally more expensive than woven materials due to a 
more complex manufacturing process. However, braided fabrics typically offer 
greater strength per fabric weight. The strength comes from three or more yams 
intertwined with one another without twisting any two yams around each other. 
Braids are continuously woven on the bias and have at least one axial yam that is not 
crimped in the weaving process. This arrangement of yams allows for highly efficient 
load distribution throughout the braid (Furness, 1999). Either flat or tubular 
configurations are available as braids. Flat braids are used primarily for selective 
reinforcement, such as strengthening specific areas in pultmded parts. Tubular braid 
can be pultmded over a mandrel to produce hollow cross sections in a variety of parts 
such as windsurfer masts and lamp and utility poles. Due to decreasing manufacturing 
costs, braiding is becoming more competitive with other fabrics.
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For example, Naik et al (1994) tested a two-dimensional carbon fibre braided 
/epoxy composite manufactured with a number of fibre architectures while the fibre 
volume fraction was kept constant (Vf = 56%) overall. They observed that a modest 
increment in longitudinal modulus (from 60 GPa to 63 GPa) occurred in moving from 
a braid architecture of (0/±70) to (0/±45), with a much larger fall in the transverse 
modulus (from 46 GPa to 19 GPa)
It seems that no studies of damage accumulation in braided fabric composites 
exist yet in the literature. However their energy-absorbing characteristic makes them 
very attractive to be used as composites reinforcement. Therefore they can be used 
specially in energy absorbing structures for crash situations due to their ability to be 
tailored in order to increase their absorbing capabilities (Herszberg et al, 1997).
2.2.4. STITCHED FABRICS
The basic promise of stitched fabrics is to put the glass fibres exactly where 
they are needed. These fabrics are created by placing yams into the desired alignment 
and stitching them together. This process allows great flexibility in yam alignment 
because the yams can be laid in practically any arrangement, including orienting all 
strands in one direction. Moreover, the proportion of yarn in any direction can be 
selected at will (Spencer, 1998).
Because the yams lay on top of each other rather than crossing over and under 
one another, more of the yarn's inherent strength is utilised. The absence of fibre 
crimping also creates a more pliable fabric than would normally be achieved by a 
similar weight woven fabric. Due to the wide variety of yam orientations and fabric 
weights, stitched fabrics can be tailored to particular requirements. Stitched fabrics 
have been widely used preferentially in making composites with a defined geometry 
in order to increase energy-absoiption capacity.
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Stitching composites are seen as a direct approach to improve the through-the- 
thickness strength of the materials in order to improve the mechanical properties. 
Eventually, significant enhancement will be observed in their damage tolerance and 
particularly the compression after impact behaviour, where the material fails due to 
micro-buckling in the vicinity of a delamination. In its simplest form, stitching adds 
one further production step with the use of a sewing machine to introduce lock 
stitches in the through-thickness. The stitching can be applied on unimpregnated 
fibres or fibres in the pre-preg form, although the later is generally avoided due to 
excessive fibre damage. By this way, stitching can be manufactured with carbon, 
glass or aramid fibre yams (Ogin, 2000). In their more sophisticated form, chain or 
tricot stitches can be employed to fabricate a fabric consisting of warp (0°), weft (90°) 
and (optionally) bias (±0) yams which are held together by the warp-knitted stitches that 
usually consist of a light polyester yam. At the end, the resulting fabric is called a non­
crimp fabric (NCF) or a multiaxial warp-knit fabric (MWK).
An advantage of the NCF is that its mechanical properties are superior to the 
equivalent fibre volume fraction of woven roving reinforcement material. For 
instance, it was found that the Young’s modulus and the tensile strength of a biaxial 
NCF glass reinforced polyester, Vf = 33%, was 21 GPa and 264 MPa respectively 
which are values some 13% and 20% higher than those found for a plain woven 
reinforced composite of equivalent fibre volume fi*action (see section 2.2.2. above). 
On the other hand, conceming damage development, non-crimp fabric laminates seem 
to behave very similarly to laminates based on unidirectional fibres due to the fibres 
in each layer of the non-crimp fabric laminate being parallel. However, there is some 
evidence to show that matrix cracking preferentially initiates at the inter-loops of the 
knitted yam which holds the fabric together (Ogin, 2000).
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2.2.5. KNITTED FABRICS
In the textile industry there is a large range of reinforcement structures that 
can be classified as knitted which can be employed in the composites manufacture, hi 
general, these fabric architectures may differ in appearance but they are all made up 
of interlocking loops of yam. Knitted fabric possess excellent drapability that makes 
them to be considered in the manufacture of composite parts of complex shapes (e.g. 
parts with double cuiwatures) without excessive cutting, joining and post­
consolidation machining (Figures 2.2 and 2.3). Knitted fabric reinforced composites 
can be manufactured by almost all traditional processes such as lamination, resin 
transfer moulding (RTM) and pultrusion. The tailorability of these composites is 
varied and depends on the knitted fabric type and architecture to suit specific 
stmctural requirements. The fabric themselves are normally manufactured through 
modem techniques developed by the textile industry and several loiitting geometry 
configurations are possible to achieve. Since the fabric yams are oriented in a 
repeating series of intermeshing loops, the direction of the fibres is changing 
continuously in three dimensions. Therefore, the fibre volume fraction is relatively 
low in the whole composite due to large matrix regions which cannot be avoided 
during the manufacture processes. Most of the knitted fabric reinforced composites 
are based on either theimoset or thermoplastic rigid polymer matrices; however some 
studies (e.g. Ramalmshna et al, 1999) have been carried out using elastomers.
The major manufacturing advantages of knitted fabric reinforced composites, 
then, are the possibility of producing net-shape/near-net-shape preforms, on the one 
hand, and the exceptional drapability/formability of the fabric which allows for 
forming over shaped tools of complex shape, on the other. However, the advantages 
which the loiitted fabric architecture brings also lead to disadvantages, namely 
reduced in-plane stiffness and strength of the composites due to the relatively poor 
use of the mechanical properties of the fibres (glass, carbon or aramid) (Ogin, 1998).
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The ^ material used in this work is a knitted fabric composite and so it is 
appropriate to discuss the fibre architecture and mechanical properties of knitted 
fabric composites in some detail. However, an important feature of the behaviour of 
the loiitted fabric composites is the development of matrix cracking damage. Hence, 
before turning to the properties of loiitted fabric composites, a brief review is given in 
the next section of matrix cracking and its effect on composite properties.
2.3. MATRIX CRACKING IN COMPOSITE MATERIALS
In recent years, matrix cracking has received the most attention among the 
various types of damage which can be presented in composite materials. Matrix 
cracking occurs in materials due to the overloading in tension, fatigue cycling, 
thermal cycling or bending and it is observed in all types of conventional composite 
laminates which contain off-axis plies. In many structural applications, matrix 
cracking is the first type of damage presented at a stress raiser, such as a notch, or an 
impact damage site. In some components such as vessels and pipes it can lead directly 
to component failure since linkage of intra and inter-laminar matrix cracking paths 
can lead to weepage. On the other hand, the strain magnification local to the cracks 
can lead to premature fibre fracture in adjacent plies. Matrix cracking is of particular 
importance in this work since this type of failure is present in a wide variety of textile 
fabric reinforced composites. Therefore, it is important to point out the main 
experimental observations on matrix cracking, and to begin by discussing matrix 
cracking in laminates with simple fibre architecture, such as cross-ply laminates made 
from unidirectionally reinforced composite plies.
Generally, as observed in transverse ply, matrix cracking is the first type of 
failure to occur under both tensile static and fatigue loading in a multi-directional 
laminate. In these laminates, the strain at which the cracking initiates is affected by 
factors such as the transverse ply thickness and stiffiiess of the neighbouring plies. 
The crack density (number of cracks per length) increases when the applied laminate 
stress or number of cycles under fatigue loading is augmented, and eventually it 
reaches a saturation density at high stresses or long fatigue life.
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Fibre/matrix debonding is considered to be the cause of transverse ply 
cracking which is improved by stiain magnification in the matrix between fibres to an 
extent which depends on the separation of the local fibres. At higher strains, the 
debon^s link up to form a flaw, which subsequently develops into transverse ply crack 
spanning the fill thiclmess of the transverse ply and width of the laminate. Boniface 
(1989) has shown, for example, crack initiation begins at the edge and the crack 
grows across the laminate as the applied stress is increased. Such cracks are generally 
observed in regular spacingand the increment in the density up to a characteristic 
limiting value is normally about the same as the thiclmess of the ply. At further 
stresses, near to fracture, damage evolves in additional failure mechanisms such as 
longitudinal cracks (or splits) followed by micro delaminations at the intersections of 
transverse and longitudinal cracks (Chareweicz, and Daniel, 1986).
The properties of the 90° ply and subsequently of the whole composite are 
seriously affected by transverse matrix cracking. In fact, many of the mechanical 
parameters of the laminate are affected such as Young’s modulus. Poisson’s ratio, 
coefficient of thermal expansion, residual strain and bending stiffness (Ogin, 1999). 
Most of the studies on the effects of matrix cracking on composite properties have 
been concerned with laminates based on unidirectionally reinforced plies and few 
studies have focused on textile composite materials. However, Gao et al (1999a) used 
a woven CFRP material and it is important to summarise briefly here the results for 
‘ the changes in Young’s modulus. Poison’s ratio and residual strain as a consequence 
of matrix cracking damage.
Gao et al (1999a) tested woven fabric CFRP laminates under quasi-static 
loading and observed matrix cracking initially in the crimp regions of the laminates, 
followed by delaminations near the crimps. The damage accumulation was monitored 
by using detailed microscopy combined with dye-penetrant X-radiography and 
acoustic emission and it was related to the applied strain. The Young’s modulus of the 
CFRP laminates was dominated by the 0® plies, so that the modulus was insensitive to 
accumulating matrix cracks in the 90® direction.
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It is important to mention that investigations carried out by Marsden (1996) 
on GFRP laminates have shown that the Young’s modulus of woven glass fibre fabric 
laminates reduces the same way as in cross-ply laminates, as matrix cracks 
accumulate. ThePoisson’s ratio observed in woven fabric GFRP laminates, however, 
reduced by up to 30% in a six-layer laminate when loaded to a strain near to failure. 
Smith and Wood (1990) obtained similar results concerning the changes in Poisson’s 
ratio with increasing crack density for GFRP cross-ply laminates. Finally, woven 
fabric GFRP laminates tested by Gao et al (1999a) presented a large increment in 
residual strain (by up to SSOpe) which reflected the variation in the length of the 
coupon due to the relaxation of the residual thermal stresses originated by matrix 
cracking. Earlier research carried out by Bassam et al (1998) obtained similar results 
of increased residual strain with increasing crack density.
Having outlined briefly matrix cracking and its consequences in composite 
laminates, particularly in woven fabric laminates, the next sections are concerned with 
a discussion of the properties and modelling of knitted fabric composites, a type of 
composite in which matrix cracking has been observed previously.
2.4. FIBRE ARCHITECTURE, MECHANICAL BEHAVIOUR AND 
MODELLING OF KNITTED FABRIC COMPOSITES
2.4.1. KNITTED FABRIC FIBRE ARCHITECTURE
Knitted fabrics are made by the interlocking of loops of fibre bundles (Figure 
2.4). They are categorised into two main types, namely warp knitted fabrics and weft 
laiitted fabrics, based on the yam feeding and Imitting direction. Weft knitting is 
characterised by loops forming through the feeding of the weft yam at right angles to 
the direction in which the fabric is produced. Warp knitting, on the other hand, is 
characterised by loops forming through the feeding of the warp yams, usually from 
warp beams, parallel to the direction in which the fabric is produced. Generally, weft 
laiit stmctures are less stable and, hence, stretch and distort more readily than warp 
knit stmctures, so that they are also more formable (Leong et al, 1997).
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Knitted loops are arranged in rows and columns, roughly equivalent to the 
weft and warp of woven structures and termed courses and wales, respectively. A 
course is a horizontal row of loops produced by adjacent needles during the same 
Imitting cycle. A wale is a vertical column of loops produced by the same needle 
Imitting at successive Imitting cycles and thus intermeshing each new loop through the 
previous loop. The wale direction is stiffer, whereas in course direction the flexibility 
is higher. Since the loop structure is so important to the fabric architecture, there is a 
rather complex set of descriptions for the loop shapes and parts of it. Of particular 
importance in this work are the needle, sinker and sides (or legs) of the loops. A 
schematic diagram of these features is shown in Figure 2.5.
The architecture of Imitted fabrics involves many important factors which 
contribute to its final behaviour. For example, loop length is the fundamental unit of 
the knitted structure while loop shape determines the dimensions of the fabric; this 
shape depends upon the yam used and the finishing treatment that the fabric has 
received. In addition to the rather simple weft and warp stmctures shown in previous 
Figure 2.4 more complex styles can be obtained. Among these, Imitted Milano rib 
fabric has been widely investigated (Bannister and Herszberg, 1995; Leong et al, 
1997b; Nguyen et al 1997). This fabric is the subject of this work so it is worthwhile 
providing a description of its fibre architecture at this point.
The Milano weft rib stmcture affords good control on the natural extensibility 
of the loops and, hence, produces a relatively stable fabric. Each complete repeat of 
the Milano stmcture consists of three courses- two rows of single threads, knitted 
together by a row of 1x1 rib. Consequently, the resultant fabric is balanced, i.e. both 
the face and the back surfaces are identical in constmction and, therefore, in 
appearance. Figure 2.6a shows a two dimensional representation of the basic Milano 
weft-knitted stmcture and Figure 2.6b shows the traditional notation for this knitted 
fabric. The notation shows that in rows (or courses) 2 and 3 the fibre tows are knitted 
only in one face either front or back, while in row 1 (the rib thread) the tows hold 
together the two faces (rows 2 and 3).
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The rib tows (course 1) have a cord appearance because the face loop wales 
tend to move over and in front of the reverse loop wales. As the face loops have a 
complementary reverse loop on the other face, the 1x1 rib fabric has the appearance 
on each face of a plain fabric until stretched to reveal the loop wales on the other face 
(Figure 2.7). The other feature of the Milano architecture is the float stitch (Figure 
2.8) which is where the yam bypasses (or floats past) a loop (Spencer, 1989). Figure
2.9 shows at low magnification one face of the Milano knitted fabric used in this 
investigation.
The knitted fabric architecture plays a vital role in the mechanical behaviour 
of the composite material and it is this behaviour which is considered next.
2.4.2. MECHANICAL PROPERTIES OF KNITTED FABRIC COMPOSITES
The properties of a knitted stmcture are largely determined by the dependence 
of each stitch on its neighbours on either side, above and below it. Naturally, when 
used to reinforce a matrix, the properties of the resulting composite are influenced by 
both the fabric and the matrix. Huang and Ramakrishna (2000) have recently pointed 
out the relatively poor mechanical properties of knitted fabric composites compared to 
other types of composites. In general, laiitted composites achieve a Young’s modulus 
which is only about 25% that of unidirectional material and 50% that of woven 
material, for equivalent fihre volume fractions. The figures for strength are about 
12% and 50%, respectively.
In general terms, the mechanical properties of laiitted fabric composites are 
anisotropic and depend on factors such as the number of layers of fabric, the stitch 
density, the laiit architecture, the fibre volume fraction and the degree of fabric 
stretching prior to making the composite.
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Ramakrishna and Hull (1994) showed the general stress-strain behaviour in 
tension of knitted fabric composites. They tested composites made up of one layer and 
two layers of weft-laiit carbon fibre fabrics embedded in an epoxy matrix. They found 
that the curves were linear up to low strain (about 0.3%), whether tested in the course 
or wale directions, followed by a “Icnee” in the stress-strain curve for specimens tested 
in the wale direction while the samples tested in course direction failed at this point at 
low strains. This discontinuity (“knee”) was followed by a “softening” of the stress- 
strain behaviour, i.e. there was a large reduction in the slope of the curve in many 
cases falling to zero. In addition they obseiwed that after the knee, the stress-strain 
curve for the sample tested in wale direction became serrated and they demonstrated 
that these serrations were originated to the appearance of transverse damage in forms 
of crack across the specimen width, normal to the testing direction. However in most 
tests of laiitted fabric composites containing more that one layer of fabric such 
serrations are not observed. In fact, in the investigation carried out by Ramaloishna et 
al (1997a) where a single layer, plain weft-knit glass-epoxy specimen was used 
neither the wale nor the course specimen showed serrations in the stress-strain curve. 
A difference from the research by Ramalaishna and Hull (1994) was that a very small 
non-linearity was observed prior to failure and small matrix cracking was present.
Typical stress-strain curves for knitted fabric reinforced composites made up 
of several layers of fabrics are shown in Figure 2.10 (Anwar et al, 1997). The 
tendency for the slope of the stress-strain curve to reduce, sometime to zero, has heen 
called “pseudo-plasticity” by some authors (e.g. Leong et al 1997). In fact, the curves 
show similar characteristics to those observed by Ramalaisha and Hull (1994) but 
without the serrations. However, as a difference to that work, some researchers 
(Gommers and Verpoest, 1995; Leong et al, 2000) have found that the stress-strain 
curve of glass/epoxy laiitted fabric composites was non-linear even at strains smaller 
than 0.3%. The observation by Ramakrishna and Hull (1994) on the transition 
between the low strain behaviour and the high-strain behaviour concluded that this 
seems to be the point at which debonding and matrix cracking occurred for the carbon 
fibre/epoxy resin weft laiitted fabric composites which they tested
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Differences are also clear between knitted fabric composites tested in the wale 
or course direction. For example, Anwar et al (1997) and Leong et al (1997b) have 
demonstrated that weft laiitted fabric epoxy composites possess superior mechanical 
properties in the wale direction than in the course direction. Anwar et al (1997) tested 
three different Milano rib fabric composites manufactured with E-glass fibres and 
Derakane epoxy vinyl ester resin with fibre volume fractions of about 53%. They 
found that, in samples tested in the wale direction the tensile strengths were about 
50% higher (e.g. 122 MPa compared to 83 MPa) and the Young’s modulus was about 
14% higher (e.g. 14.9 GPa compared to 13.2 GPa) than in those tested in the course 
direction., respectively. Similar relation was found for the strains to failure whose 
values were some 20% to 70% higher (e.g. 2.4 % compared to 1.4%). As might be 
expected, increasing the fibre volume fi-action improves both the modulus and 
strength of knitted fabric composites, but this effect is much more noticeable in 
tension mode (Leong et al, 1997b). On the other hand the stress-strain curves for 
samples tested in compression in wale and course directions are very similar. This is a 
consequence of the importance of the matrix in compression arising from the highly 
curved fibre architecture (Ogin, 2000). Hence, m wale and course directions the 
compression strengths are usually approximately the same and only increased by 
about 15% as the fibre volume fraction increased from 29% to 50% (Leong et al, 
1997b)
Since wale and course directions are the principal axes in the knitted fabric, 
most investigations have focused on the properties in these main orientations. 
However many other researchers have carried out analyses on the properties as a 
function of angle. Gommers et al (1998a) investigated the variation of Young’s modulus 
and tensile strength with angle and these composites had fibre architectures which 
produced lai'ge variations in tensile strength and Young’s modulus. In addition the 
variations with angle were not always symmetrical about the wale direction of the 
cloth due to the fact that the fibre architecture was also not symmetrical about this 
direction.
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The poor tensile and compression properties of knitted fabric composites are 
not reflected in the impact properties or the mechanical properties after impact. 
Verpoest et al (1997) have shown that in knitted fabric composites the damage area 
was greater than in woven fabric composites for the same absorbed impact energy.
It has been suggested that the curved fibres in the knitted fabric are able to 
bridge the cracks initiated by the impact and also are slightly stretched before being 
fully loaded. Bannister and Herszberg (1995) also found similar results for a glass 
fibre composite absorbing a higher proportion of incident impact energy than woven 
glass fabric composites.
In addition, the compressive strength after impact was retained better for 
increasing impact energies for the knitted fabric. Such observations have heen 
confirmed by many workers. For example Hamada et al (2000) compared laiitted 
fabrics with roving cloth for reinforcement of large scale composite structures. 
Although the mechanical properties were observed to be better in the roving cloths 
composites, the knitted fabric composites again showed better energy absorption. 
Other studies (e.g. Yu et al, 2000; Cox et al, 2000) confirm such observations.
Finally, it should be pointed out that the poor tensile properties of knitted 
fabric composites can be improved in a number of ways. Firstly, the linear density of 
the loops can be increased (Sugun et al 2000). The laiitted fabric used in their work 
was made by reinforcing the course direction by E-glass yams between successive 
rows of loops to improve the properties in this direction. Similar work has been 
carried out by Naveen et al (2000) who demonstrated that by tailoring the course 
direction with added E-glass yams between successive rows of loops, the strengths 
obtained were higher than the corresponding standard woven fabric composite 
laminate.
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2.4.3 MODELLING THE PROPERTIES OF UNDAMAGED KNITTED 
FABRIC COMPOSITES
In principle, it should be possible to predict, the Young’s modulus of knitted 
fabric composites, on the basis of the geometry of the loop structure, the fibre volume 
fraction, and the fibre and matiix properties. However when viewed in detail, the 
problems are complex (Verpoest et al., 1997). First an accurate and appropriate 
description of the loop structure is required, and of the yam orientations within them. 
Such a description will need to be three-dimensional. Second, the stiffness of a unit 
cell of the stmcture could be calculated taking advantage of the symmetry elements of 
the loop stmcture. Of course this assumes that such symmetry exists even 
approximately. Ramalaishna and Hull (1994b) earned out one of the earliest attempts 
to model the mechanical properties of knitted fabric composites. Their model was 
based on the proportion of fibres oriented at various angles in the fabric geometry and 
obtained good agreement for the modulus but not for the tensile strength. They 
suggested that the failure of their model for the strength was due to bending stresses 
in fibre bundles bridging cracks in the matrix.
In all cases of modelling the properties of knitted fabric composites, a model 
of the fibre geometry is required. Figures 2.11a and 2.11b show examples of a 
‘representative volume element’ (RVE) for modelling a plain knitted fabric and a 
Milano rib laiitted fabric (Huang and Ramakrishna, 2000). The RVE is, in fact, 
extracted from the unit cell of the fabric stmcture, when that cell displays symmetry. 
Hence, although the RVE or sub-cell contains the essential geometry and properties 
which are modelled, it is easier to visualize the unit cell itself, which can be defined as 
the smallest unit repeated in the fibre architecture. In other words, it is the building 
block of the material. Figure 2.12 sliows a typical unit cell used for modelling plain 
weft knitted fabric composites. Several factors affect the size of the unit cell, for 
example, the fibre yam diameter and the number of fabric loops per unit length in the 
wale or course direction. However in many cases, the loops are not symmetrical about 
the wale direction (Gommers et al, 1998c). In that case, the fibre geometry requires 
careful reconstmction from microscopical measurements of composites sections in 
three dimensions.
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Obviously, as the complexity of the fabric increases, the complexity of the 
RVE increases. Having established the RVE for a particular Imitted structure, the 
approach is then to derive the stifftiess of the various parts of the RVE and to combine 
them in an appropriate way.
In the work of Ramalaishna (1997b) the tensile properties of a plain weft-knit 
glass fibre fabric reinforced epoxy composite were modelled in the wale and course 
direction. Elastic properties were predicted by using a “cross-over” model based on 
representing the loop geometry as arcs of a circle and modelling the arc stiffiiess using 
laminated plate theory. In all models, the crossing-over of the yarns presents 
difficulties: in the model of Ramakrishna (1997b) the cross-over consists of fibre and 
resin rich regions. Unfortunately, the approach of Ramakrishna (1997b) required the 
introduction of an arbitrarily chosen additional parameter to achieve good agreement 
between predictions and experimental values.
Ramakrishna and Hamada (1997) attempted to predict tensile failure 
mechanisms and tensile properties using a three-dimensional finite element model, 
again comparing the results with the experimental results. They found a discrepancy 
between the predicted and experimental values which was attributed to the fact that 
the fibre bundles bridging the fracture plane may not be aligned perfectly in the 
loading direction. This is similar to the difficulties which Ramakrishna and Hull 
(1994a) found when modelling their laiitted carbon fabric/epoxy laminates (see 
above).
Finally, Huang and Ramalaishna (2000) tested different modelling approaches 
based on representative volume elements and found that the approach of Ruan and 
Chou (1998)resulted in the best agreement between experiment and prediction for 
Young’s modulus. Ruan and Chou (1998) represented the RVE as infinitesimal 
segments connected in series. The stiffness of each segment was combined in series. 
The prediction of modulus for a weft-knitted fabric composite was found to be within 
12% of the experimental measurement and the prediction of tensile strength was 
within 13%.
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On the other hand, Huysmans et al (1998) has taken a significantly different 
approach for modelling the properties of knitted fabric composites. In this approach 
the yam architecture was reduced to a sequence of segments. These segments were 
treated using the Eshelby method for modelling inclusion in the matrix. The predicted 
elastic modulus was found to he in good agreement with the experimental data.
2.4.4. DAMAGE ACCUMULATION
As it has been mentioned above, previous work has demonstrated that knitted 
fabric reinforced composites can show an accumulation of matrix cracks under load. 
Indeed, apart from fracture of the yams, this is the main type of damage shown by 
such composites.
Leong et al (1997) found that glass fibre/epoxy knitted fabric reinforced 
composites, containing between six and twelve layers of fabric, showed an 
accumulation of cracks under load in both the course and wale directions, and that the 
cracking pattems were different in detail for these two directions. For specimens 
tested in the wale direction, cracking was in the form of isolated cracks. In the course 
direction, adjacent microcracks combined to form larger cracks. They also attempted 
to relate the cracking damage to the fabric architecture, but this was impossible in 
laminates which were fabricated from multiple layers of fabric and were not 
transparent.
There are a large number of potential sites for crack initiation in knitted 
composites. For example, observations in wefl-lmitted composites tested in the wale 
direction (Anwar et al, 1997) suggest that cracks initiate from debonds which form 
around the needle and sinker loops in the knitted architecture. However, for testing in 
the course direction, crack initiation was believed to occur from the sides (or legs) of 
the loops.
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Ruan and Chou (1998) tested single layers of weft-knitted reinforced glass- 
fabric epoxy composites. They observed sudden final fracture of the samples 
occurring immediately after the first sign of tiny surface cracks and whitening of the 
matrix. Later investigation of the fracture surfaces suggested that fracture initiated at 
the yam/matrix interface. Similar conclusions were reached by Ramakrishna and 
Hamada (1997). Their investigations of fracture surfaces suggested that debonding of 
the fibre bundles occur at those portions of the laiit loops which are oriented normal 
to the loading directions. Microcracks initiate from these debonded sites, it was 
suggested, and propagate normal to the testing direction and into the resin rich regions 
of the composite.
Studies made by Anwar et al (1997) revealed that the final fracture of the 
composite appeared to have occurred in the planes of lowest fibre content for 
specimens tested in the wale as well as in the course directions. This coincides with 
matrix fractures at the legs of the loops for wale-tested specimens and at the needle- 
sinlcer loops for the course-tested specimens. It was further suggested that the 
microcracks generated from the debonded sites propagated through the adjacent resin 
rich areas within the loiit structure.
Current understanding of the development of failure in a knitted fabric 
composite has been summaiised well by Huysmans et al (2001). Debonding occurs 
around fibre bundles oriented perpendicular to the loading direction around the knee 
observed in the stress-strain curve. These debonds grow along the yam interface and 
into resin rich regions becoming matrix cracks. The growth and coalescence of 
debonds leads to a microscopic crack bridged by unbroken yams. If the number of 
yams in the composite is large, failure then is dominated by the yam strength. The 
drawback of such description of failure is that it has been obtained from observing 
fracture surfaces rather than being based on observations of the progressive failure of 
knitted fabric composites.
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2.5. CONCLUSIONS
Although many important studies have been carried out on knitted fabric 
composites in order to understand and determine their properties and behaviour, 
laiitted composites are still considered a new field in reinforced material composites. 
For instance it has been demonstrated that under tensile loading, the typical stress- 
strain curves of knitted fabric composites may be of different appearance depending 
on the type of material (fibre architecture), the loading direction and the number of 
layers of the composite. In addition many investigations have shown that damage 
accumulation in the form of matrix cracking is an important characteristic of the 
mechanical behaviour. However, it is important to mention that all of the work carried 
out to date on damage accumulation has concentrated on loading the composites in 
either wale or course directions and no attempts has been made to analyse the 
relationship of the damage initiation and propagation to fabric architecture for other 
angular orientations
Further, most of the studies on damage accumulation have been carried out 
either on single layer composites, which fractured as soon as the first damage initiated 
in the material, or in multilayer composites, for which information on the progression 
of damage had to be derived from the fracture surfaces after final fracture had 
occurred. It is important to mention as well that such experiments were carried out 
using opaque resins as matrix system; therefore, the analysis of relating cracking 
damage to the laiitted fabric architecture was more difficult to observe.
The work to be described here presents a novel method of observing damage 
accumulation in a knitted fabric composite using a single knitted fabric layer 
sandwiched between unidirectional glass fibre layers to produce a transparent 
laminate. The aim of this investigation is to characterise the initiation of damage using 
this technique and to relate the development of the damage to the fabric architecture 
for a range of angles. The insight gained will then be applied to mechanical testing 
results derived from testing a commercial laiitted-fabric composite plaque.
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Figure 2.1.- a) Vehicle-bodies made of textile composite material have less weight than the 
usual ones. They lead to less fuel consumption and are corrosion—resistant, b) Helmets,
c) Wind rotors.
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a
Figure 2.2.- Double curved parts elaborated using (a) woven fabric, (b) knitted fabric.
Figure 2.3.- Sample parts made of knitted fabric: (a) Dome, (b) Shoe sole.
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Figure 2.4.- Schematic diagrams showing the wale and course components of a 
knitted fabric (a) weft knitting, and (b) warp knitting.
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Figure 2.5.- Schematic diagram o f knitted plain fabric.
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Figure 2.6.- Milano knitted fabric architecture.
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Figure 2.7.- Rib is normally knitted with two sets of latch needles. (After D. J. 
Spencer, 1989)
......1 /
Figure 2.8.- Schematic o f a float stitch in knitted fabric. (After D. J. Spencer, 1989)
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Figure 2.9 - Milano knitted fabric
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Figure 2.10.- Typical stress-strain curves for rib-knit composites (a) tension and (b) 
compression, loadings. (After Anwar et al, 1997).
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Figure 2.11.- Diagrams used for modelling (a) a plain knitted fabric and (b) Milano 
rib laiitted fabric. (After Huang and Ramalorishna, 2000)
Figure 2.12.- Schematic representation of a unit cell of plain-knit fabric. (After 
Ramakrishna 1997)
30
CHAPTER 3
CHAPTER 3 
EXPERIMENTAL METHODS
3.1. INTRODUCTION.
This chapter describes the fabrication and testing of the knitted fabric 
reinforced composite used in this work giving details of the processes for producing a 
single layer composite and a “sandwich” composite. The “sandwich” composite 
consists of a single layer of knitted fabric between two 0° plies of continuous 
unidirectional material. The “sandwich” used here is a new method for investigating 
damage accumulation in the knitted materials. It was required for two reasons. Firstly 
the commercially produced specimens evaluated in this work were not transparent 
making difficult to analyse damage development. Secondly, the model single layer 
glass/epoxy composite failed suddenly with the first crack. The added 0° plies of 
unidirectional reinforcement allowed the damage behaviour to be observed hence 
multiple cracking in the knitted fabric was able to evaluated and monitored. In 
addition to specimen fabrication, experimental testing techniques are also described.
3.2. MATERIALS AND LAMINATE MANUFACTURE
The Milano weft-knitted fabric (described in section 2.6.1) produced from E- 
glass yams of 2x68 tex was the laiitted fabric to be investigated. In addition to these 
fabrics, which were supplied hy the Cooperative Research Centre for Advanced 
Composites Stmctures Limited (CRC-ACS, Australia) a number of knitted fabric 
reinforced panels with 4 or 5 layers of Imitted fabric were also supplied. The panels 
were manufactured at CRC-ACS using the RTM method.
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3.2.1. MANUFACTURE OF TRANSPARENT MODEL KNITTED FABRIC 
COMPOSITE PANELS.
The manufacture of the model panels is detailed here. The “sandwich” panel is 
described first followed by the simpler single layer panels. Knitted fabrics 350 mm x 
350 mm size were cut and marked showing the loop direction in order to be able to 
identify the principal axes (wale and course) after laminate processing. The knitted 
fabric was fixed into a steel frame and the frame was placed in a filament winder in 
order to wind unidirectional glass fibre reinforcement around the cloth to produce a 
sandwich panel. Figure 3.1 shows a glass tow being wound around the frame where 
the laiitted cloth was fixed in the middle. After removal from the frame the glass 
fibres were impregnated with an epoxy resin following a hand lay up process (Figure 
3.2). Model sandwich laminates were made with the laiitted fabric oriented at 
different angles by varying the direction of the fabric with respect to the 0° plies. The 
angles used were 0° (i.e. wale direction of laiitted fabric parallel to unidirectional 
outer plies), 30°, 45°, 60° and 90° (i.e. course direction of knitted fabric parallel to 
unidirectional outer plies) as shown in Figure 3.3.
Samples were cut fi'om these laminates parallel to the unidirectional outer 
plies. In order to determine the properties of the 0° outer plies, a laminate without the 
laiitted cloth (i.e. a 0° unidirectional fibre laminate) was also manufactured.
The matrix resin formulation for all the model laminates was as follows: 
epoxy resin, Astor Stag Epoxide resin 300 (400 g); curing agent, Astor Stag N.M.A., 
(240 g); accelerator, ancamine K61B (16 ml). The constituents were mixed 
thoroughly together for a few minutes, and then the resin was placed, for around 45 
minutes into a vacuum oven at a preheated temperature of 46° -  50 °C in order to de- 
gass it. After this, the resin was ready to be used for making the sandwich 
laminates.
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Full wetting of the fibres was achieved by placing the uncured laminate inside 
a vacuum chamber (Figure 3.4) for about 20 minutes before squeezing out any excess 
resin and entrapped air bubbles. The laminate was cured between thick glass plates 
under 80 kg weight, as follows:
T emperature T ime
70°C 40 min.
100°C 3 hrs
28°C 30 min.
The resin system was chosen because it readily wets glass fibres and it is 
sufficiently transparent to enable microcracking to be seen. This transparency 
improves the ease of observing any damage within the laminate during and after 
mechanical testing. The manufacture of the single laiitted layer composite (without 
the 0° ply reinforcement) was carried out following the same process as described 
above except that the cloth was not placed in a frame, nor reinforced by winding.
Two different panels of a commercial material, supplied by CRC-ACS 
Australia, made by Resin Transfer Moulding (RTM) process were tested in order to 
compare the behaviour of the model material with a commercial composite. The 
panels were manufactured using the same knitted glass fabric. Five layers of Milano 
fabric 2x68 tex were used for one panel and the second panel had four layers. The 
difference between the fabrics was in the linear density. The fabric used in the five- 
layer panel had a linear density of 742 g/m^ and the fabric used in the four-layer panel 
had a linear density of 940 g/m^. Derakane 411-350 epoxy-based vinyl ester resin 
was chosen because it has an exceptionally low resin viscosity and has been specially 
designed for the resin transfer moulding (RTM) process.
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3.3. SAMPLE PREPARATION FOR MECHANICAL TESTING
The manufacturing technique used for the model laminates produced panels 
which were 250 mm x 250 mm. Samples of 230 mm x 20 mm were cut from the 
panels using a water cooled 600-grit diamond saw and they were end tagged using 
aluminium tags of 50 mm length (Figure 3.5). Two strain gauges were bonded to each 
sample in order to obtain longitudinal and transversal strains (Figure 3.5 and 3.6).
The fibre volume fractions were obtained for all model material panels using 
the matrix bum-off technique as follows. Four samples (approximately 20 mm x 20 
mm) were cut from four different places of the laminate. Each sample was weighed 
before being placed in a ceramic cmcible and covered with a lid. The weight of the 
cmcible and the lid were known. The cmcibles were placed in a muffle furnace at a 
temperature of 600°C for approximately 3 hrs.
After this time, the resin was completely burnt away and the cmcibles were set 
aside to cool. Once cool, the cmcibles were reweighed. The densities of the glass (pf) 
and resin (pm) were 2.56 g/cm^ (2560 kg/m^) and 1.21 g/cm^ (1210 kg/m^) 
respectively. The volume fraction (Ff) of the glass fibres in the composite was 
calculated using the equation below:
(C--B)
P f
+ \ C - B )
Pn. \ P f J
where A is the mass of the cmcihle and the sample (pre hum-off), B is the mass of the 
cmcible, C is the mass of the cmcible and the glass fibres (post bum-off), pf is the 
density of the fibres and pm is the density of the matrix. Once the fibre volume 
fraction had been calculated for all four samples they were averaged to obtain the 
mean fibre volume fraction of the laminate.
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On the other hand, the calculation of fibre volume fraction for the commercial 
composite (RTM) was carried out using the following formula:
y  _ Kreain
f  " P f t
which is based on the volume occupied by the yams divided by the total volume 
occupied by the fabric (Rozant et al. 2000), where WareaU pf  and t, are the areal 
density of the fabric, the number of the fabric layers, the fibre density and the 
composite thickness respectively.
3.4. MECHANICAL TESTING
An Instron 1196 machine (Figure 3.7) was used for mechanical testing and 
crack development. The output of the strain gauge, Vishay boxes and the load cell 
was connected to a data logging system. The cross-head speed for all tests was kept 
constant at 0.5 mm/min.
In-situ photographs of damage development were taken using a Nikon F-301 
mm camera fitted with a Tamrom SP 90 mm extension tube. The camera was 
mounted on a tripod and placed in front of the Instron testing machine with the 
(transparent) samples illuminated fiom the rear. Photographs were taken before 
loading at intervals during the test and after failure in order to observe crack 
accumulation and quantify crack densities.
During testing, acoustic emission was monitored as a guide to damage 
initiation. There were three acoustic transducers in the system used in these 
experiments. One was the signal transducer, which was placed in the centre of the 
gauge length of the coupon. The other two were placed near the ends of the coupon. 
These guard transducers filter out unwanted noise fi-om the grips of the tensile testing 
machine.
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A computerised acoustic emission system (AECL 2100.M) has been used to 
monitor stress waves as a result of generation and growth of defects. The transducers 
were attached to the specimen surface with insulation tape using Vaseline as a 
coupling agent. AE signals were detected hy the sensor and sent to a pre-amplifier and 
amplified by 60 db gain. These signals were amplified for a further 20 db hy using the 
gain control in the main module. Most of the external noise (spurious signals) had 
peak amplitude levels helow 40 db (Ramakrishna and Hull, 1994). Preliminary 
analysis was performed to establish the best threshold value, which was found to be 
0.6 V, allowing the sensor to collect only those events whose signal exceeded this 
value.
The processing unit was set to count the number of acoustic events in 0.1 s 
intervals. The AE output from the processing unit was coimected to the data logger 
for simultaneous recording with the other monitored parameters (i.e. load, strains). *
3.5. SAMPLE PREPARATION FOR MICROSTRUCTURAL ANALYSIS
In many cases sections from the tested samples were cut out using the 
diamond saw, mounted in epoxy resin and polished in order to obtain information 
about damage initiation and cracking development in relation to the knitted fabric 
architecture. Samples were talcen hoth parallel and perpendicular to the loading 
direction and sometimes at angles to these directions (Figure 3.8). The mounted 
specimens as shown in Figure 3.9 were polished following the procedure shown in 
Table 3.1. The first four stages were carried out using grain paper allowing a deep 
cleaning of the sample surface; the remaining four stages were executed with 
polishing plates in order to achieve micro-cleaning and to produce a good quality 
specimen surface.
Photographs of the sections were taken using an optical microscope with an 
incorporated camera.
* Values were plotted as acoustic emission cdunt rates
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TABLES
Table 3.1.- Procedure for sample polishing in epoxy composites. The Table shows 
details of the eight polishing stages.
Stage 1 2 3 4
Grade 500 1200 2400 4000
Lubricant water water water water
Speed 300 rpm 300 rpm 300 rpm 300 rpm
Pressure 60 60 60 60
Time 1 min 1 min 1 min 1 min
Stage 5 6 7 8
Paper type DP-DUR DP-DUR DP-DUR OP-chem
Grade 6 jj, 3 n 1 p % p
Lubricant blue blue blue OPS
Speed 150 rpm 150 rpm 150 rpm 150 rpm
Pressure 60 60 60 60
Time 4 min 4 min 4 min 30 s.
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FIGURES
t
Figure 3.1.- Frame in the winding system showing 0° fibres being wound
Fibre reinforcement 
direction
Figure 3.2.- Model material panel.
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m
0" (Wale) 3 0 ”
60” 90 (Course)
Figure 3.3.- Angular orientations of the knitted fabric in relation to the 
unidirectional (0°) outer plies in the “sandwich” laminates.
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Figure 3.4.- Vacuum system for resin impregnation.
230 mm
Strain gauges50 mm
/ / / / / / / / A
20 mm
Figure 3.5.- View of the specimen prepared for mechanical testing.
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Figure 3.6.- Specimen mounted between the grips of the mechanical testing machine 
ready to be tested.
Figure 3.7.- View of the Instron machine used for mechanical testing and the camera 
used for in-situ photography.
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Loading 
direction
Figure 3.8.- Pieces taken from the samples in both the wale and the course direction 
for polishing: a) parallel to load direction, b) perpendicular to load direction, c) 
angular. Arrows indicate the surface that was polished and microscopically analysed.
Polished surface Polished surface
Figure 3.9.- Specimens embedded in epoxy resin for polishing.
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CHAPTER 4 
EXPERIMENTAL RESULTS AND 
DISCUSSION ON THE MODEL MATERIALS
4.1. INTRODUCTION.
The experimental results obtained on the model material investigated during 
this research are presented in this chapter. In the first place, the structure of the Icnitted 
fabric is described followed by the results on the single knitted layer/epoxy composite 
using the 2x68 tex fabric. Secondly, after outlining the mechanical behaviour of this 
material, and the difficulties encountered in analysing damage propagation due to the 
premature failure of the material, results on a model sandwich laminate made up of 
unidirectional glass fibre 0° plies, with the knitted fabric between the outer plies are 
discussed. These results include tests on the 0° plies alone and tests where the Icnitted 
fabric within the sandwich laminate is oriented at different angles to the loading 
direction. A detailed microstructural relationship between fabric geometry and 
cracking behaviour is discussed, the acoustic emission technique being used to 
support the investigation of crack initiation and accumulation. Finally a method is 
introduced for extracting, from the results on the sandwich panels, the behaviour of 
the Icnitted fabric layer itself. These results together with tests on the cyclic behaviour 
of the material enable some conclusions to be drawn about the mechanical behaviour 
of the knitted fabric layer during damage accumulation.
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4.2. ARCHITECTURE OF THE KNITTED FABRIC.
A photograph of the Milano knitted fabric used in this study is shown in 
Figure 4.1a. The front and rear faces of the cloth are identical, hence only one face is 
shown. The basic dimensions of the cloth architecture are shown on it. A two- 
dimensional representation of the fabric architecture is shown again in Figure 4.1(b). 
It is clear that the two dimensional illustiation is a useful representation of the 
structure but cannot show the three-dimensional complexity of the geometry. 
Essential dimensions of the fabric are marked in the figure.
The properties of a knitted structure are largely determined by the 
interdependence of each stitch with its neighbours on either side, above and below it. 
This is the main reason why many researchers (e.g. Huang et al, 1998; Ramakrishna, 
1997; Ruan et al, 1997) have characterised the loops themselves. In this work, a 
geometrical analysis was carried out on loops of the Milano knitted fabric (2x68 tex) 
used here to determine the fibre orientations. The method used was similar to that of 
Verpoest et al (1997) and Gommers et al (1998a). They carried out a detailed three- 
dimensional analysis of the fabric architecture of a range of fabrics structures to 
establish the proportion of fibres at various angles in the fabric. A shorter two- 
dimensional study of the 2x68 knitted fabric was earned out in this investigation. 
Measurements were made by taking photographs of 8 loops from a single layer 
Icnitted fabric composite. An example of a loop is shown in Figure 4.2. The loops 
were divided into equivalent length straight segments (Figures 4.3 and 4.4) and then 
the angle of each section was determined with respect to the nominal wale direction of 
the fabric.
A histogram was constructed (Figure 4.5) which shows the fraction of fibre at 
various angles to the wale direction of the fabric. The results show a high proportion 
of fibres within about 25° of the wale direction (0°) and that the loop architecture is 
approximately symmetric about this direction. An extremely time-consuming three- 
dimensional study would be necessary to determine accurately the three-dimensional 
fibre architecture. In line with most other studies of knitted fabric composites, such a 
determination was not earned out here.
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Verpoest et al (1997) found similarly symmetric loops for certain types of 
knitted fabrics they investigated, although some fabrics were not even approximately 
symmetric about the wale direction. In accordance with their results, it is to be 
expected that the modulus and strength of the Icnitted fabric composites will be higher 
in this direction.
4.3. SINGLE LAYER KNITTED FABRIC COMPOSITE PROPERTIES.
The results of tests on the single layer 2x68 tex knitted fabric composite will 
now be outlined. As described in Chapter 3, this laminate consists of a single 2x68 tex 
Icnitted cloth reinforcing epoxy resin. No additional reinforcement was present. 
Coupons were tested at angles of -45°, 0°, 30°, +45°, 60° and 90° where the 0° and 90° 
represent the wale and course directions (Figure 4.6). Acoustic emission (AE) was 
used to detect damage onset in order to analyse cracking initiation and propagation, 
and at least four coupons were tested at each angle. The fibre volume fraction for the 
single layer knitted fabric panels was found to be 13.0+0.1%.
4.3.1. MECHANICAL PROPERTIES
Typical stress-strain curves for all the angles tested can be seen in Figures 4.7 
to 4.12. At least four coupons were tested for each direction. In these plots, the left- 
hand axis shows stress and the right-hand axis shows acoustic emission (AE) event 
counts. It should be noted that a small tensile offset, introduced during tightening of 
the grips occurs for all specimens.
All the stress-strain results show a small non-linearity. Such a non- 
linearity has been noted in previous investigations (Ramakrishna, 1997; Ramakrishna 
and Hamada, 1997; Ruan and Chou, 1998) although these authors mention a linear 
portion at very low strains. This may indeed be the same here for strains less than 
0.1%. As observed in the work of Ruan and Chou (1998) on glass fabric/epoxy 
composite samples, the coupons tested here failed suddenly and catastrophically when 
the first damage initiated, with the consequence that there was no acoustic emission 
activity recorded until very close to failure.
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The mechanical properties (Young’s modulus, Poisson’s ratio, tensile strength 
and strain to failure) for all the coupons tested are shown in Table 4.1 (average values 
and standard errors are shown) and all the results are shown graphically in Figures 
4.13 to 4.16. It is clear from the results that the Young’s modulus and tensile strength 
are both higher close to the wale direction as would be expected from the analysis of 
the loop shapes (Figure 4.3). On the other hand the Poisson’s ratio variation and strain 
to failure are reasonably independent of the angle.
Examples of fractured specimens for each angle are shown in Figures 4.17 to 
4.22 and higher magnification images of the fracture area can be seen in Figures 4.23 
to 4.28. For the wale direction (0°), the fracture surface connects the needle of the 
loops in the crack direction. This can be clearly seen in Figure 4.23 where the needle 
of the courses 2 and 3 can be seen in the fracture surface, together with the fracture 
tows of course 1 (rib). The 30° specimen shows similar behaviour to the wale 
direction, cracks running parallel to the needle of the loops producing fracture 
surfaces inclined at 60® to the loading direction of the Icnitted fabric (Figure 4.18). 
Again the needle loops can be seen parallel to the course direction in the fracture area. 
A change in the fracture path was observed for the +45° and -45° specimens. Here the 
cracks tend to follow the legs of the loops (Figures 4.19 and 4.20) where they do not 
grow transversally in the specimen. Figures 4.25 and 4.26 show photographs of legs 
of the loops, which have been fractured as the cracks formed the fracture surface. In 
both the 60° and course direction (90°), the cracks again developed parallel to the 
sides or legs of the loops (Figures 4.21, 4.22, 4.27 and 4.28). For all angles, failure of 
the composites did not always lead to complete separation. The fracture surfaces were 
frequently connected by unbroken loops of bridging tows as seen, for example, in 
Figure 4.28.
Almost all of the single layer composite samples in all the orientations tested 
failed without any prior indication of damage, either visual damage (in the form of 
cracks) or damage recorded by the acoustic emission equipment (the only exception to 
this was the 0° (wale direction) and the 30° specimens in which very small amounts of 
AE were registered just prior to fracture).
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As will be seen later (Chapter 5), the commercial composites tested in this 
work based on the same fabric failed at strains of about 2%, substantially higher than 
the strain to failure recorded here for single layer composites (typically 0.8%). 
Further, it is well known that commercial knitted fabric composites can show multiple 
matrix cracking prior to failure (see section 2.4.2 and 2.4.4 in the literature review). In 
order to be able to investigate damage accumulation prior to failure, the Imitted fabric 
layer was sandwiched between 0° plies.
4.4. DAMAGE DEVELOPMENT IN THE MODEL 2X68 TEX SANDWICH 
COMPOSITES.
The previous section has shown that single layer knitted fabric composite 
samples were unable to show cracking development due to sudden fracture occurring 
as soon as damage initiated. Hence, sandwich laminates were made by winding 
unidirectional glass fibres over the 2x68 tex knitted fabrics as described in section 3.1. 
Observation of damage accumulation was facilitated by the transparent nature of the 
composite, which allowed the plan view damage development to be observed during 
testing by in situ photography. For all the sandwich laminates the average fibre 
volume fraction was measured obtaining a value of 29.0 ± 0.2%.
4.4.1. MECHANICAL PROPERTIES
The sandwich laminates were used to investigate damage accumulation and 
hence their mechanical properties were not of particular significance. However for 
completeness Table 4.2 shows the mechanical properties of all the orientations tested 
and Figures 4.29 to 4.32 show Young’s modulus, Poisson’s ratio, tensile strength and 
strain to failure. Of interest here are the values of Poisson’s ratio, which were up to 
20% lower than in the single layer laminates, and the strain to failure. All the strains 
to failure of the sandwich composites are about 2% since the final failure of these 
laminates is controlled by the failure of the outer 0° plies. The stress-strain curve of 
the 0° plies alone was measured and the strain to failure was found to be about 2% 
(see later: Figure 4.80).
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Another feature which should be noted is that the Young’s modulus of the 
sandwich laminate is highest for a fabric orientation of 30°, although as in the single­
layer composite specimens, there is little difference in the modulus between 0® and
30®
In the following section, the behaviour of the sandwich composite specimens 
under load is described. Coupons were tested with the knitted fabric at angles of 0°, 
30°, 45°, 60°, and 90°.
4.4.2. KNITTED FABRIC IN WALE DIRECTION (0°) PARALLEL TO 
THE 0° PLIES
Figures 4.33 and 4.34 show typical stress-strain curves for sandwich samples 
with the knitted fabric wale direction parallel to the 0° plies. The stress-strain curve is 
linear up to almost 1.0% strain when the first cracks appear in the sample. Figure 4.37 
shows the development of cracking (i.e. crack density) with increasing strain. 
Immediately after the first cracks appear, a “Icnee” becomes visible in the stress-strain 
curve. At a higher strain of about 1.5% another “knee” appears.
Acoustic emission signals give additional information with respect to the 
damage development. A small number of acoustic emission events are observed 
between 0.80% and 0.95% strain. This is in advance of the development of the cracks 
and is related to crack initiation at cross-over points in the Imitted fabric architecture 
(evidence for this is clearer at the other angles; see later). Next, in a range of 1.1% to 
1.2% strain, the first significant cracks appear producing many more AE events.
Figure 4.35 and 4.36 show the ratio of transverse strains to longitudinal strains 
plotted as a function of the longitudinal strain. Those graphics suggest that the value 
of the Poisson’s ratio is constant up to the straim at which the significant damage 
initiates, detected by acoustic emission at around 1.00% strain. At this point the 
Poisson’s ratio value displays a decrement.
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Crack density measurements enable the sequence of crack development to be 
identified. The crack density, which is defined as the number of cracks per unit length 
of the sample, was measured by drawing five lines at regular spacing on photographs 
of the cracks and measuring the number of intersections. The crack density as a 
fimction of strain is shown in figure 4.37. Cracks initiate at a strain of about 1.1% to 
1.2% (as mentioned earlier) and above this strain, the rate of increase of crack density 
with strain is roughly uniform up to a strain of about 1.4%.
Beyond this strain the rate of increase of crack density reduces. The initial rate 
up to about 1.4% strain corresponds to the development of a fairly uniform crack 
pattern with a crack spacing of 4 mm as can be seen in figure 4.38. Beyond this strain 
further cracking produces a spacing of 2 mm. Indeed very few extra cracks are added 
between a strain of about 1.9% and failure (at about 2.2%), so that the crack density 
curve seems to show a plateau at a crack density of about 0.5 m m '\ However, 
occasionally, additional cracks do form between the 2 mm cracks.
The cracking pattern which develops is intimately connected with the fabric 
architecture. Detailed discussion of this is reserved for a later chapter (Chapter 6), but 
figure 4.39 gives an indication of the sequence of events. The first sign of damage 
develops at the loop cross-over sites, represented by A (see section 4.4.2 for clearer 
evidence of this suggestion). Significant cracks appeared firstly in the plane where the 
float stitch of course 2 and 3 are together (represented by the dashed lines in Figure 
4.37) possibly due to the strain magnification caused by adjacent tows. These cracks 
have a spacing of 4 mm, which is the dimension of the repetitive unit in the knitted 
fabric. When these sites have been used, then at a higher strain cracks develop where 
the rib holds threads 2 and 3 (represented by dotted lines), giving a final crack spacing 
of 2 mm, which is the wale direction dimension of a single loop.
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4.4.3. KNITTED FABRIC WALE DIRECTION AT 3 0° TO OUTER PLIES
Figures 4.40 and 4.41 show stress-strain curves for samples for which the 
inner Imitted fabric layer is at 30° to the outer 0® plies (loading is parallel to these 
outer plies). Linearity is observed at low strain up to about 1.2% strain when matrix 
cracks appear in the sample. At higher strain a second “knee” appeared in the 
samples, but this was not as prominent or consistent as for 0° specimens. In the same 
stress-strain curves the AE signal is displayed in order to relate the AE behaviour with 
the crack initiation and propagation. As can be seen from figures 4.40 and 4.41, AE 
indicating precracking damage begins at strains of about 0.80% - 0.90%, which is 
similar to that found in 0° specimens.
Figures 4.42 and 4.43 show the ratio of transverse strains to longitudinal 
strains plotted as a function of the longitudinal strain. Similarly to the curves observed 
in 0°, the decrement in the Poisson’s ratio is related with the appearance of the 
significant cracking damage. The first AE signals named as predamage are not 
significant to disturb the curve greatly. The precracking damage occurs at the loop 
cross-over points and can clearly be seen in Figure 4.45 at strains above 1.00% as 
black spots on the photograph. The “knee” after the linearity appears at 1.2% (similar 
to the 0° fabric case) which is due to the development of many cracks.
Crack density is shown in Figure 4.44 where the curve behaviour is similar to 
that observed for 0°. There is an abrupt increment up to 1.2% strain and then a slight 
drop in density and then starts with an apparent uniform increment until failure. 
Figure 4.46 shows the sequence of cracking development with increasing strain. At 
low strains it is possible to see the microcracking in cross-over sites (labelled A in the 
figure) which are the crack initiation sites. As the strain increases, transverse cracks 
grow from these sites perpendicular to the loading direction. At higher strains a 
cracking pattern emerges parallel to the course direction of the knitted fabric.
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This cracking pattern runs parallel to the direction of the cross-over points 
(represented by A in Figure 4.46) and is formed by accentuated cracking around the 
loops of the fabric where the loops are perpendicular to the loading direction. From 
these crack initiation sites, as already stated above, transverse cracks grow across the 
coupons, perpendicular to the loading direction. At higher strains the accumulating 
damage leads to a pattern of cracks dominated by transverse cracking (represented by 
B), such that the accentuated cracking around the loops forms a pattern in the course 
direction of the fabric. The accentuated cracking occurs around the head or needle of 
the loops and the pattern which forms has a spacing of 4 mm (see Figure 4.45). This 
spacing is the distance of the repeating unit of the fabric (see Figure 4.1).
4.4.4. KNITTED FABRIC WALE DIRECTION AT 45° TO OUTER PLIES
Figures 4.47 and 4.48 show stress-strain curves for samples tested with the 
Imitted fabric at 45® to the outer 0® plies. The linearity can be observed up to about 
0.85% strain and then a “knee” appears due to cracking accumulation. Here there is 
no prominent second “Imee” in the stress-strain curve. AE begins at about 0.6% - 
0.75% strain and crack accumulation from about 0.75% strain.
Figure 4.49 and 4.50 show the ratio of transverse strains to longitudinal strains 
plotted as a function of the longitudinal strain. It is evident the change on the ratio due 
to the cracking damage, for this case the significant damage was detected at lower 
strains than the 0° and 30° at about 0.8% strain. The change in crack density with 
strain is shown in Figure 4.51. The crack density increases uniformly with increment 
of strain up to about 1.50% strain when the crack accumulation rate slows.
Figure 4.52 shows the cracking behaviour sequence at different strains from 
predamage to near failure. Again at low strains the precracking damage at loop cross­
over points can be seen as tiny black spots on the photographs (especially at 1.25% 
strain). Transverse cracks appear in the sample to again be initiated from these cross 
over sites. At high strains the cracks try to follow the path of the loops, as for the 30® 
specimens, again creating a pattern with a 4 mm spacing at 2% strain.
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Cracking behaviour is explained using Figure 4.53. Again the first damage 
occurs at the cross-over points (represented by A). At higher load, matrix cracks grow 
perpendicularly to the load direction from initiation sites, forming an irregular crack 
pattern (represented by B). At the same time a regular pattern emerges (as observed at 
30°) due to accentuated cracking around the head or needle of the loops. As before, 
this pattern (represented by C in figure 4.53), has a spacing of 4 mm, though now it 
lies at 45® to the loading direction.
It might be expected that since there are cross-over pints for every loop, that 
the pattern which emerges due to the accentuated cracking around the needles of the 
loops should have a spacing of 2 mm. However, it was found that this accentuated 
cracking occurs along those planes in the fabric where the float stitch of course 2 and 
3 are held together by the rib course. This occurs every 4 mm. The geometry of the 
accentuated cracking pattern can also be described in another way. It is as if the 
regular cracking pattern of the 0° specimen at a strain of 1.30% (Figure 4.36) is 
rotated clockwise through 45° to produce the accentuated 4 mm spacing at a strain of 
2.00% (Figure 4.52)
4.4.5. KNIITED FABRIC WALE DIRECTION AT 60° TO OUTER PLIES
Figures 4.54 and 4.55 show the stress-strain curve for samples tested at 60°. In 
this case, the linearity can be observed up to 0.85% - 0.90% strain and then the same 
“knee” indicating significant cracks, appears at this strain. An AE signal was recorded 
at slightly lower strains for predamage in comparison with the others angles. The 
number of acoustic emission events grew gradually and uniformly with strain up to 
failure.
Figure 4.56 and 4.57 show the ratio of transverse strains to longitudinal strains 
plotted as a function of the longitudinal strain. The variation of Poison’s ratio is 
accentuated with the main cracking damage as observed before. This discrepancy of 
the ratio can be related with the AE signals detected.
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Crack density is plotted in Figure 4.58 showing the increment of cracks in 
relation to the strain. This curve is similar to that observed in 90° (course direction; 
see later, section 4.4.5). The transverse cracks in this case appear to branch with the 
consequence that the number of cracks per unit length is higher than for previous 
angles (0®, 30® and 45®).
Figure 4.59 shows the cracking behaviour sequence at different strains. At a 
strain of 0.75% the initiation sites, which are again the cross-over points, can be 
identified as tiny black spots on the photographs. For the previous angles, the 
transverse cracks which initiate from the cross-over points led to a clear pattern due to 
the accentuation of the cracks at the needles of the loops. A slightly different pattern 
can be seen in this case. The cracks formed at 60° are accentuated and seem to track 
the legs of the loops which have a 2 mm spacing (shown previously by C in Figure 
4.1a)
Cracking behaviour is explained using Figure 4.60. As observed from the AE 
signals, predamage starts at about 0.65% -  0.75% strain in the form of cracking at the 
loop cross-over sites (represented by A), (it is difficult to see the sites clearly at this 
angle in Figure 4.51). At this angle, all these sites are sites where cracks potentially 
can grow. When the load is increased, cracks appear from these points, coalescing to 
develop transverse cracks across the sample. The cracks form an irregular pattern as 
they follow the loops (represented by B), and finally, the cracks form a regular pattern 
at 60° following the legs of the loops in the wale direction (this pattern can be seen in 
Figure 4.51). The pattern has a spacing of 2 mm since the legs of the loops are spaced 
2 mm apart (represented by C). These dimensions are shown in Figure 4.1a.
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4.4.6. KNITTED FABRIC AT 90° TO THE OUTER PLIES
In this orientation, the fabric is being loaded parallel to the course direction. . 
Typical stress-strain curves can be seen in Figures 4.61 and 4.62 where linearity can 
be appreciated up to 0.7% -0.8% strain. The first damage observed is again in the 
form of microcracks at the loop cross-over points. This can just be seen at a strain of 
0.9% in Figure 4.66.' Matrix cracking appeared at a strain of about 0.8% producing a 
small knee in the stress-strain curve. During loading in this direction, branched-like 
cracks were observed perpendicular to' the load direction. The first damage observed 
is again in the form of microcracks at the loop cross-over points. This can just be 
seen at a strain of 0.9% in Figure 4.56. Matrix cracking appeared at a strain of about 
0.8% producing a small knee in the stress-strain curve while the acoustic emission 
signal seems to be uniformly increasing up to near fracture.
The ratio of transverse strains to longitudinal strains plotted as a function of 
the longitudinal strain is shown in Figure 4.63 and 4.64. Again it is possible to 
identify the cracking damage initiation and propagation by observing the variation of 
the ratio. Figure 4.65 shows the cracking density in the course direction in which a 
constant increase is observed due to the nature of the cracks. The crack density 
increases fairly uniformly since cracks are able to propagate and grow following the 
legs of the loops. As the cracks curve to follow the needle, or head, of the loops, they 
cross a loop and hence take on a branched appearance. The cracking development 
sequence can be seen in Figure 4.66. At low strains, cracking at the cross-over points 
is visible, again as black spots in the photographs (represented by A). In this 
orientation, it is easy for the developing matrix cracks to link up as they grow. Hence, 
the crack density increases fairly uniformly.
Figure 4.67 shows a schematic of crack formation. The crack initiation points 
are represented by A, where the yams are joined together (cross-over). All these sites 
coalesce to propagate the cracks along the sample perpendicularly to load direction by 
running on the sides or legs of the loops.
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4.5 COMPARISON OF RESULTS FOR DIFFERENT ANGLES OF THE 
KNITTED FABRIC IN THE MODEL SANDWICH MATERIAL
The first comparisons which can be made for the damage initiation and 
propagation for the various fabric angles is the difference between the single layer 
behaviour and the behaviour observed on the fabric in the model sandwich laminate. 
Table 4.3 summarises the single layer samples failure and, for the model sandwich 
coupons, both the initiation of predamage strain range and the matrix cracking onset 
strain range. Comparisons done between the single layer failure strains and the 
sandwich laminate predamage strain show that these correspond fairly well. 
Therefore, as suggested earlier, the onset of predamage in the single layer material 
leads immediately to the failure of these samples for all angles. Hence the value of the 
sandwich laminate technique used to investigate the development of damage is 
immediately clear.
The influence of the knitted fabric architecture in determining the damage 
development in the composites has been also shown in the results. The identification 
of the predamage as occurring in the cross-over points in the knitted fabric 
architecture was identified and determined by the transparency of the coupons, 
together with the employment of the acoustic emission (AE) technique. It was 
demonstrated that the most important sites for predamage occur in the fabric planes 
where the float stitch of courses 2 and 3 are held together. In all the samples, the 
development of the matrix cracks was observed to initiate at these cross-over points 
perpendicular to the load direction and independently of the angular orientation. 
However, it is important to note that the macroscopic cracking behaviour of these 
sandwich laminate coupons is dominated by the stiff outer 0° plies and as a result the 
matrix cracks do not follow the knitted fabric architecture completely (in the 
commercial composites to be discussed in the next chapter, the cracking behaviour is 
not affected in the same way). It was observed that in the sandwich specimens which 
have the wale or course direction parallel to the 0° outer plies and 90° fabric angles, 
matrix cracking would be expected to follow the wale or course direction. Therefore, 
for these particular cases, the development of the matrix cracking damage is not 
affected in the same way by the outer 0° plies.
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Although the development of matrix cracking is affected in the off-axis 
specimens by the outer 0® plies, the fabric architecture still exerts an effect on the 
cracking damage. For the 30® and 45® sandwich laminate specimens, the accentuated 
cracking which develops at high strain occurs around the needle, or head of the loops 
in the fabric architecture. Careful observations identified that for samples tested at 30° 
the accentuated cracks appeared in the majority of the loops, however, for samples at 
45° this accentuated cracking corresponds to the plane where course 2 and 3 are 
drawn together by the rib course which occurs every 4 mm. On the other hand, for 
the 60® sandwich specimens, the accentuated cracking develops along the legs of the 
loops and the legs of the loops have a spacing which is much smaller (about 2 mm). 
The consequence is that the crack densities achieved in the 60® and 90® specimens, 
where cracking is affected by the legs of the loops, are higher. Figure 4.68 shows that 
whereas crack densities in the 60® and 90® specimens approach 1.5 mm"\ they do not 
exceed 0.8 mm'^ for the other angles.
Table 4.3 also shows that, in general, the strain for the onset of matrix 
cracking increases as the angle of the fabric increases away from the 0® outer ply 
directions. A simple technique has been developed here which enables a clear 
comparison to be made between the onset strain for cracking in the sandwich coupons 
for different angles. The technique makes use of the rule-of-mixtures expression 
applied to the 0® layers and the Imitted fabric layer of the sandwich coupons. For the 
model sandwich composites, the rule-of-mixtures gives the stress for the model
composite, Og, as
O c =  ^(0)^(0) 0(k)V(k) (4.1)
where O(o) is the stress in the outer 0® plies, is the stress in the Imitted fabric
layer, V(o) is the volume fraction of 0® plies in the model composite and VfjQ is the 
volume fraction of the knitted fabric layer in the model composite. Assuming that the 
outer 0® plies behave in a linear elastic manner then
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O(0)^SE (0) (4.2)
where E(o) is the Young’s modulus of the 0® plies and s is the strain applied to the
model composite. Substitution gives the stress in the composite to be
Oc — 0(k) V(k) +  SE (0) V(0) (4.3)
Solving for 0(x)y the stress in the knitted fabric layer, gives
 ^ O^_Vi0)Em  ^ (4_4)
y  yV (fc) r {k)
This equation allows the knitted fabric layer stress, 0(x)y to be found for increasing 
values of the composite strain, 8,
Derived stress-strain curves for the Icnitted fabric layer in the model sandwich 
laminate using equation 4.4 are displayed in Figures 4.69 to 4.73 for all the angles 
tested for the model sandwich material. In deriving these results, the volume fraction 
of the Icnitted layer and 0® plies is calculated from the thicknesses of the layers 
measured from edge sections. When the Young’s modulus of the 0® plies is taken to 
be 40 GPa then the initial slope of all the stress-strain curves corresponds to a 
Young’s modulus of about 6 GPa, which is close to the measured moduli of all the 
single layer Icnitted composites (see Table 4.1). Equation 4.4 is quite sensitive to the 
value of E(o), and the value of 40 GPa was chosen to give the best fit. Using this 
method, the strains for the onset of matrix cracking appear in all the curves in Figures 
4.69 to 4.73 as a sharp discontinuity. Also, it is clear that the precracking damage, ie 
the damage which occurs at the loop cross-over points before matrix cracking begins, 
does not affect the derived stress-strain curves. Only the matrix cracking damage 
produces such an effect. The results from Figures 4.69 to 4.73 confirm that the onset 
of matrix cracking damage occurs at smaller values of the applied strain as the loading 
direction for the fabric changes from the wale to the course directions. In other 
words, it is easiest to initiate matrix cracking in specimens loaded in the course 
direction.
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The matrix cracldng damage is an important feature of damage accumulation 
but it was decided to investigate whether the matrix cracking was associated with 
significant fibre or tow fracture. Small pieces of sandwich laminate specimens were 
removed from fractured specimens of wale and course sandwich laminates, with the 
samples taken well away from the fracture planes of the specimens. The polymer 
matrix of these pieces was bumt-off using the same technique as used for obtaining 
the fibre volume fractions. Microscopical investigation of the remaining glass tows 
showed no indication of fibre breakage, and certainly no tow fracture, even though the 
specimens had failed at these strains at another location within the specimen. Hence, 
it can be concluded that fibre tows remain intact to high strains during quasi-static 
tensile loading. In order to investigate whether the role of the fibre tows could be 
further understood, it was decided to subject the coupons to cyclic loading 
experiments which are presented in the next section.
4.6. CYCLIC TESTS OF MATERIALS TO DIFFERENT STRAINS.
Three types of model sandwich specimen were used for these experiments at 
orientations 0°, +45° and 90°. In addition, both unidirectional (ie 0® plies alone) and a 
cross-ply laminate were tested for comparison. In each case, the specimens were 
loaded to an applied strain of 0.6%, unloaded and then reloaded to a strain of 1.0%, 
unloaded and reloaded to a strain of 1.5%, before finally being unloaded and then 
reloaded to failure. Both the stress, strain and acoustic emissions were recorded 
during the tests.
4.6.1. CYCLIC LOADING OF SANDWICH LAMINATE SPECIMENS IN 
WALE DIRECTION (0°) PARALLEL TO THE 0° PLIES
The material at this angle exhibits linearity when loaded and unloaded to a 
strain of 0.6% as can be seen in Figure 4.74. As found previously for these specimens 
(Figure 4.34), no damage occurs until a strain above about 0.8% is applied, and hence 
no acoustic emission was recorded.
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The Specimen was unloaded completely and the stress-strain behaviour is 
almost completely linear elastic. The specimen was then reloaded to a strain of 1% 
and it can be seen that AE activity began at a strain of about 0.8% as found 
previously. Interestingly, during unloading the specimen again shows an almost 
completely linear elastic response down to the zero stress/zero strain. This shows that 
the damage developed at the loop cross-over points has a negligible effect on the 
stress-strain behaviour. The development of matrix cracldng damage occurred as 
before at about 0.95% strain, and when the applied strain had reached 1.5%, a 
significant amount of cracking had occurred (see, for example. Figure 4.37). The AE 
activity increased dramatically during crack development, as found before. 
Unloading the specimens this time produced a permanent residual strain of about 
0.06%. The development of this residual strain as a consequence of matrix cracking 
damage is the same as found by Bassam et al (1998) in cross-ply laminates. It is due 
to the release of the compressive thermal strains in the 0® plies. These develop due to 
the mismatch in the coefficients of thermal expansion between the central layer 
(which is here a knitted fabric composite) and the outer 0® plies. The specimen was 
then reloaded to failure and Figure 4.74 suggests that during reloading the AE activity 
began at a strain of about 1.3%, even though the specimen had previously been loaded 
to a strain of 1.5%.
The results can be plotted in a different way to make the interaction between 
stress, strain and AE activity clearer. Figure 4.75 shows the stress plotted against the 
cumulative strain during the cyclic tests. This simply means that the strain seen by 
the specimen is summed, with the unloading strains treated as if  they were positive. 
The peaks in Figure 4.75 represent the specimen being loaded to the successively 
higher strains of 0.6%, 1.0%, 1.5% and then to failure. The results show that there 
was very little AE activity for loading to 1.0% strain, but substantial activity for 
loading to 1.5% strain, and then to failure. A number of interesting observations can 
be made with the aid of this plot. The third peak represents an applied strain of 1.5% 
and is labelled Ai. If a perpendicular line is drawn from Ai to the cumulative strain 
axis, then it is clear that while the specimens are being unloaded, AE activity 
continues for an unloading strain of about 0.2%.
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Now, if a horizontal line is drawn from Ai, it intersects the final loading line at 
point A2 . If, again, a perpendicular line is drawn from A% to the cumulative strain 
axis, it is clear that AE activity begins before the specimen has reached the previous 
peak stress value represented by point A2 .
Very similar results are found for the 45® and 90® specimens. The specimens 
with the knitted fabric at 45® show a stress-strain curve for a peak strain of 1.0% and 
then unloading which is not linear elastic but shows a small hysteresis. Otherwise all 
the observations made above about the 0® specimens are repeated for these angles, ie 
the development of the residual strain and the behaviour of the AE. The results are 
shown in Figures 4.76 to 4.79. In figures 4.77 and 4.79, the same construction for 
points Ai and A2 is shown. Again, for these angles, AE activity continues during 
unloading (firom point Ai) for a strain of about 0.2% and begins again during loading 
by a strain of about 0.2% prior to reaching point A2 on the stress-strain curve.
To investigate whether these observations are significant, further tests were 
carried out on unidirectionally reinforced coupons (ie 0® plies alone) and cross-ply 
coupons.
4.6.2 CYCLIC LOADING OF 0° PLY AND CROSS-PLY COUPONS
A lamina made up of only unidirectional glass fibres (0° plies) and a cross-ply 
laminate were manufactured and analysed in order to obtain some AE data from 
cyclic loading experiments on these specimens.
Figures 4.80 and 4.81 show the mechanical testing and AE data for the cyclic 
tests on the unidirectional material. The specimen was loaded to strains of 0.6%, 
1.0% and 1.5% as in the tests on the model sandwich material of section 4.6.1. 
Surprisingly, Figure 4.80 shows that there was some AE activity recorded even at 
quite low strains, although the majority of the AE activity occurred at strains above 
about 1.7% and near to failure at about 2% strain.
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The Young’s modulus and principal Poisson’s ratio were found to be 29.5+0.5 
GPa and 0.33, which are both reasonable for unidirectional glass fibre/epoxy with a 
fibre volume fraction which was measured to be 38+1 %. For the unidirectional 
material, the same construction can be made linldng the pealc stress at an applied 
strain of 1.5% (labelled point Ai) to the stress when the specimen was being reloaded 
to failure (Figure 4.81). However, in this case, the amount of AE activity during 
unloading from Ai is very small, and the amount of AE before point Aa is also very 
small; in each case the AE activity might extend for a strain of about 0.05%, 
compared to 0.2% in the case of the sandwich coupons.
The results for the crossply laminates tested in a similar way are shown in 
Figures 4.82 and 4.83. Again samples were tested to different strains (0.6%, 1.0% 
and 1.5%), and then to failure. The stress-strain curve of Figure 4.82 shows that 
during loading to a strain of 0.5%, the first cracks initiated at a strain of about 0.35%, 
giving a characteristic 'Icnee’ in the stress-strain curve. Constructing the points Ai 
and A2 on the stress-cumulative strain cm*ve of Figure 4.83, it would appear that, as in 
the case of the unidirectional material, the amount of AE activity during unloading 
from Ai is small, and the amount of AE before point A2 is also small. In this case, the 
AE activity might extend for a strain of about 0.1% beyond point Ai during 
unloading, and about 0.1% in advance of point A2 , compared to 0.2% in the case of 
the sandwich coupons.
4.6.3.-COMPARISON OF CYCLIC LOADING TEST RESULTS FOR 
SANDWICH, UNIDIRECTIONAL AND CROSS-PLY COMPOSITES
The behaviour of the sandwich laminate specimens and the cross-ply 
composite laminates was similar in a number of ways. Firstly, in both cases, the 
stress-strain curves were linear-elastic up to the onset of matrix cracking. Once 
matrix cracking had developed, then unloading the specimens produced a residual 
strain in both cases due to the relaxation of the thermal residual strains.
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The AE results, however, showed some possible differences. In the case of 
the knitted-fabric sandwich laminates, after matrix cracking has initiated, the AE 
appears to continue as the laminate is unloaded for a strain of about 0.2%. 
Additionally, during unloading and reloading, the AE begins at a lower stress than the 
peak stress in the previous loading cycle. This lower stress corresponds to a strain of 
about 0.2% less than the strain at which the previous peak stress was achieved.. 
Although similar AE effects were found in the cross-ply laminates, the comparable 
strain range appeared much smaller (about 0.1%). In the case of the unidirectional 
laminate, the effect was almost completely absent.
Burning away the matrix in fractured sandwich laminate coupons showed that 
there had been no fibre fracture or tow fracture. Hence, it seems likely that the knitted 
fabric loops bridge the matrix cracks which develop in the knitted fabric layer. It is 
therefore possible that the AE effects mentioned in the previous paragraph are due to 
the pulling out of tows across the matrix cracks. Possibly the tows are debonding 
from the matrix and sliding in the debonded region. Such an effect would produce the 
AE effects observed during both loading and unloading. Similar, though much less 
clear effects were observed in the cross-ply laminates, although in this case, bridging 
fibres may be the cause. The method for displaying the results, using the cumulative 
strain, has revealed these differences. However, more work is required to carefully 
define the differences in the behaviour of the cross-ply laminates and the sandwich 
laminates with the Imitted fabric layer.
4.7. RESUME AND DISCUSSIONS
Unidirectional reinforcement of the knitted fabric layer in a sandwich-like composite 
has been shown to be an excellent option in order to appreciate the damage behaviour 
in the textile layer. The model sandwich laminates allowed the measurement and 
analysis of the damage progression in the knitted fabric composite layer, to determine 
the damage initiation sites and to comment on the development of damage in relation 
to the fabric architecture.
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It was found that the majority of the single layer composite samples tested in 
all angular orientations failed without any prior indication of damage, either visual or 
recorded by the acoustic emission equipment. Stress-strain curves showed a small 
non-linearity independently of angular orientations. Samples tested at 0° and 90° 
directions fractured perpendicular to the load direction while the other angles (30°, 
+45°. -45°, and 60°) were affected by the orientation of the knitted fabric. On the other 
hand, the sudden fracture of the samples was solved by winding the unidirectional 
glass fibres which allowed the observation of the failure mechanism through coupon. 
The first appreciable registration of damage in the tensile samples was observed to be 
the cross-over points as a microdebonding in the fibre-matrix interface, which appear 
at low strains as predemage regardless of the angular orientation. Although the failure 
mechanism was dominated by the outer 0° plies, the influence of the Icnitted fabric 
architecture at different angular orientations was evident by dictating the cracking 
development in the material.
From the tensile test of model materials, vital information about the cracking 
behaviour in accord to the angular dependence was obtained where the two main 
orientations, wale and course direction, were observed to be dominant during the 
angular test, which at the end determined the path of the cracks in the fabric structure, 
as well as in the amount of cracks as observed in the crack density curves. 
Mechanical parameters of the model materials samples were dominated by the 
unidirectional reinforcement, therefore the values are not too different.
The locations of the cracks in the samples tested in all angles were initially 
relatively random, but as loading progressed, a more regular pattern was emerging 
and the spaces between the cracks are more uniform. Leong et al (1997) found similar 
cracking behaviour in their samples. Fracture of the samples involves yam/matrix 
interfacial debonding, resulting in smooth fracture paths, which follows the path of 
the yam loops and bridging yam breakage and pull-out, resulting in mgged fracture 
paths. Ruan and Chou (1998) described similar observations of their fractured 
samples.
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Figure 4.84 shows photomicrographs of tensile specimens in wale and course 
direction where fibre bundle debonding and resin cracking from the debonded sites 
are evident, hi both cases fracture appeared to have occurred in the planes of lowest 
fibre content for both specimens. Similar results were obtained by Anwar et al (1997). 
Investigations of fracture surfaces suggest that debonding of fibre bundles occurs at 
those portions of laiit loops which are oriented normal to the loading direction.
Derived stress-strain behaviour for the model material gave information about 
the performance of the knitted cloth alone when the composite is loaded in tensile 
mode. There was found certain similarity between the stress-strain curve of the 
derived data and that obtained from the single layer tensile tests. Discrepancy in the 
behaviour was found when the material is loaded in both wale and course directions 
and the other angles due to the Imitted fabric architecture as it is going to be explained 
in the next chapter.
Cyclic tests demonstrated variations in the stress-strain curve due to damage 
accumulation in the knitted fabric composites. The appearance of significant number 
of cracks alters the linearity of the curve and develops more acoustic emission signals.
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TABLES
Table 4.1.- Mechanical parameters for single 2x68 Imitted layer composite
Angle # E y UTS (MPa) sf(%)
0° 1 6.6 0.39 51.6 0.80
2 6.7 038 53.0 0.79
3 6.8 0.37 51.5 0.80
4 6.3 0.37 53.8 039
Average 6.6 ±0.1 0.37±0.01 52.5 ±0.6 0.82 ±0.03
30° 1 6.1 037 49.8 0.84
2 6.6 0.38 45.4 0.74
3 6.9 036 51.9 (180
4 6.4 038 50.0 039
Average 6.5 ±0.2 0.3 7± 0.01 4P.5 ±1.2 0.79 ±0.02
-45° 1 5.6 0.37 44.3 0.75
2 5.3 0.38 46.9 0.58
3 5.9 0.39 47.3 036
4 5.7 036 48.8 036
Average 5.6 ±0.1 0.38±0.01 46.8 ±0.9 0.74 ±0.06
+45° 1 6.4 0.36 49.2 0.71
2 6.1 038 483 037
3 5.8 0.34 52.4 0.93
4 6.3 038 45.7 0.75
Average 6.2 ±0.1 0.37±0.01 48.9 ±1.4 0.79 ±0.06
60° 1 5.8 0.36 35.8 0.61
2 6.8 0.4 48.4 0.77
3 5.5 0.31 45.6 033
4 5.4 0.33 493 035
Average 5.9±0.3 0.35 ±0.02 44.8 ±3.1 0.77 ±0.05
90° 1 4.0 0.33 29.2 030
2 3.9 0.33 27.2 0.71
3 3.8 0.33 283 0.74
4 4.2 0.35 26.7 0.64
Average 3.9 ±0.01 0.3 3 ±0.01 27.9 ±0.6 0.72 ±0.03
Volume fraction = 13+0.1%
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Table 4.2.- Mechanical parameters for a 2x68 knitted layer reinforced composite 
(Model material)
Angle # E V UTS (MPa) Gf(%)
0° 1 18.9 0.33 331.1 2.1
2 17.7 033 314.7 2.1
3 183 0.32 290.8 2.0
4 17.6 031 3353 2.1
Average X 18.1 ±0.3 0.32±0.01 318 ±10.1 2.1
30° 1 19.2 0.31 3793 2.2
2 18.9 031 3693 2.2
3 19.5 0.32 3563 2.1
4 19.3 0.29 359.8 2.1
Average 19.2 ±0.1 0.31±0.01 366 ±5.14 2 2
+45° 1 16.6 038 345.6 2.0
2 15.7 039 319.5 2.0
3 16.5 0.28 336.9 2.1
4 16.6 032 303.1 2.1
Average 16.4 ±0.2 0.29±0.01 326.3 ±9.43 2.1
60° 1 14.9 033 3643 2.0
2 153 0.30 376.8 2.0
3 14.3 032 380.4 2.1
4 15.7 032 398 2.0
Average 15.5 ±0.3 0.32±0.01 380 ±6.9 2.0
90° 1 13.7 0.33 363.9 2.2
2 16.2 0.34 339.2 2.1
3 15.8 032 358.8 2.2
4 15.4 039 324.4 2.0
Average 15.28 ±0.6 0.32 ±0.01 346.6 ±9.1 2.1
Volume fraction = 29+0.2%
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Table 4.3.- Variation of data taken from acoustic emission technique to 
five samples at each angle (Model material).
Angle Predamage strain 
(%)
Crack onset strain 
(%)
Single layer failure 
strain
Wale (0°) 0.80-0.95 0.95-1.05 0.82
30° 0.75 -  0.90 0.90-1.00 0.79
45° 0.65-0.70 0.75-0.85 0.74/0.79
60° 0.65 -  0.75 0.80-0.85 0.77
Course (90°) 0.65-0.85 0.80 -  0.90 0.72
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A= Loop width (1 mm)
B= Loop length (2 mm)
C= Distance between ribs in wale direction (2 mm). 
D= Repetitive unit length (4 mm)
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Course 1 TRibl
Course 2 
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4 mm (D)
(b)Figure 4.1.- Milano weft Knitted fabric, (a) A loop (near A and B) has been 
inked for clarity; (b) A two-dimensional view of the repetitive unit of the fabric 
architecture
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1 mm
2  mm
Figure 4.2. Single loop f the knitted fabric.
 H
H= Head or needle 
L =Legs 
S = Sinker
F = Feet (Lower loop)
Figure 4.3.- Knitted fabric single loop and terminology.
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Figure 4.4.- Measurements for determination of fibre orientation.
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Figure 4.5.- Histogram representing the angular orientation o f the fibres in the loop.
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Wale
a Course b
Figure 4.6.- (a) Wale and course directions of the knitted fabric, (b) angular 
orientations of coupons for single layer tests.
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Figure 4.7.- Stress-strain curve for single layer sample in 0° direction.
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Single layer knitted com posite at 30^
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Figure 4.8.- Stress-strain curve for single layer sample in 30° direction.
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Figure 4.9.- Stress-strain curve for single layer sample in +45° direction.
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Single layer knitted com posite at -45
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Figure 4.10.- Stress-strain curve for single layer sample in -45° direction.
Single layer knitted com posite at 60°
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Figure 4.11.- Stress-strain curve for single layer sample in 60° direction.
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Single layer knitted in course  direction (90°)
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Figure 4.12.- Stress-strain curve for single layer sample in 90° direction.
Young's m odulus of single layer composite
CO
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Angle relative to wale direction (0°)
Figure 4.13.- Young’s modulus o f single layer 2x68 knitted fabric composite as
function o f angle. For some angles, the uncertainty is smaller than the symbol.
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Figure 4.14.- Poisson’s ratio of single layer 2x68 knitted fabric composite as 
function of angle. For some angles, the uncertainty is smaller than the symbol.
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Figure 4.15.- Ultimate tensile strength o f single layer 2x68 knitted fabric composite
as function o f angle. For some angles, the uncertainty is smaller than the symbol.
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Figure 4.16.- Strain to failure of single layer 2x68 knitted fabric composite as 
function of angle. For some angles, the uncertainty is smaller than the symbol.
Load direction
Figure 4.17.- Fractured specimen tested in the 0° (wale) direction.
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Figure 4.18.- Fractured specimen tested in the 30° direction.
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Figure 4.19.- Fractured specimen tested in the +45° direction.
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Figure 4.20.- Fractured specimen tested in the -45° direction.
 ^ .limit', X; •• j . y  2  mm
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Figure 4.21.- Fractured specimen tested in the 60° direction.
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Figure 4.22.- Fractured specimen tested in the 90° (course) direction.
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Figure 4.23.- Fractured surface of single layer sample tested in the 0° (wale) 
direction.
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Figure 4.24.- Fractured surface of single layer sample tested in the 30° direction.
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Figure 4.25.- Fractured surface o f single layer sample tested in the +45° direction.
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Figure 4.26.- Fractured surface of single laver sample tested in the -45° direction.
Figure 4.27.- Fractured surface of single layer sample tested in the 60° direction.
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Figure 4.28.- Fractured surface of single layer sample tested in the 90° (course ) 
direction.
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Figure 4.29.- Young’s modulus o f 2x68 model material as function o f angle.
For some angles, the uncertainty is smaller than the symbol.
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Figure 4.30.- Poisson’s ratio of single 2x68 model material as function of angle. 
For some angles, the uncertainty is smaller than the symbol.
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Figure 4.31.- Ultimate tensile strength o f single 2x68 model material as function o f
angle. For some angles, the uncertainty is smaller than the symbol.
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Figure 4.32.- Strain to failure of single 2x68 model material as function of angle. 
For some angles, the uncertainty is smaller than the symbol.
Model material in wale direction (0°)
400
350
300
250D.
S
tf> 200(/)
2 150
100
50
0
Strain (%)
80 
+ 70 
60
50 i  
8
40 c
I30 HI <
2 0  
+ 10  
0
2.2 2.4
Figure 4.33- Stress-strain curve and acoustic emission event counts for the model
sandwich laminate with the fabric layer in the 0° direction.
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Figure 4.34- Stress-strain curve and acoustic emission event counts for the model 
sandwich laminate with the fabric layer in the 0 ° direction.
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Figure 4.35.- Behaviour o f the negative o f the ratio o f the transverse strain to the
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function o f the longitudinal strain
for the model sandwich laminate with the fabric layer in the 0° direction
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Figure 4.36.- Behaviour of the negative of the ratio of the transverse strain to the 
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function of the longitudinal strain 
for the model sandwich laminate with the fabric layer in the 0 ° direction
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Figure 4.37.- Crack density-strain curve for the model sandwich laminate with the
fabric layer in the 0° direction.
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Figure 4.38.- Crack development for the model sandwich laminate with the fabric
layer in the 0° direction Applied strains are indicated.
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Figure 4.39.- Schematic diagram showing crack development for the model sandwich 
laminate with the fabric layer in the 0 ° direction.
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Figure 4.40- Stress-strain curve and acoustic emission event counts for the model
sandwich laminate with the fabric layer in the 30° direction.
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Figure 4.41- Stress-strain curve and acoustic emission event counts for the model 
sandwich laminate with the fabric layer in the 30° direction.
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Figure 4.42.- Behaviour o f the negative o f  the ratio o f the transverse strain to the
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function o f the longitudinal strain
for the model sandwich laminate with the fabric layer in the 30° direction.
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Figure 4.43.- Behaviour of the negative of the ratio of the transverse strain to the 
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function of the longitudinal strain 
for the model sandwich laminate with the fabric layer in the 30° direction
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Figure 4.44.- Crack density-strain curve for the model sandwich laminate with the
fabric layer in the 0° direction.
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Figure 4.45.- Crack development for the model sandwich laminate with the fabric
layer in the 30° direction Applied strains are indicated.
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Figure 4.46.- Schematic diagram showing crack development for the model sandwich 
laminate with the fabric layer in the 30° direction.
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Figure 4.47- Stress-strain curve and acoustic emission event counts for the model
sandwich laminate with the fabric layer in the +45° direction.
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Figure 4.48- Stress-strain curve and acoustic emission event counts for the model 
sandwich laminate with the fabric layer in the +45° direction.
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Figure 4.49.- Behaviour o f the negative o f  the ratio o f the transverse strain to the
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function o f the longitudinal strain
for the model sandwich laminate with the fabric layer in the +45° direction
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Figure 4.50.- Behaviour of the negative of the ratio of the transverse strain to the 
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function of the longitudinal strain 
for the model sandwich laminate with the fabric layer in the +45° direction
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Figure 4.51.- Crack density-strain curve for the model sandwich laminate with the 
fabric layer in the +45° direction.
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Figure 4.52.- Crack development for the model sandwich laminate with the fabric
layer in the +45° direction Applied strains are indicated.
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Figure 4.53.- Schematic diagram showing crack development for the model sandwich 
laminate with the fabric layer in the +45° direction.
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Figure 4.54- Stress-strain curve and acoustic emission event counts for the model
sandwich laminate with the fabric layer in the 60° direction.
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Figure 4.55- Stress-strain curve and acoustic emission event counts for the model 
sandwich laminate with the fabric layer in the 60° direction.
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Figure 4.56.- Behaviour o f the negative o f  the ratio o f the transverse strain to the
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function o f the longitudinal strain
for the model sandwich laminate with the fabric layer in the 60° direction
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Figure 4.57.- Behaviour of the negative of the ratio of the transverse strain to the 
longitudinal strain, ie the Poisson’s ratio -(t/1), as a function of the longitudinal strain 
for the model sandwich laminate with the fabric layer in the 60° direction
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Figure 4.58 Crack density-strain curve for the model sandwich laminate with the
fabric layer in the 60° direction.
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Figure 4.59.- Crack development for the model sandwich laminate with the fabric 
layer in the 60° direction Applied strains are indicated.
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Figure 4.60.- Schematic diagram showing crack development for the model sandwich 
laminate with the fabric layer in the 60° direction.
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Figure 4.61- Stress-strain curve and acoustic emission event counts for the model
sandwich laminate with the fabric layer in the 90° direction.
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Figure 4.62- Stress-strain curve and acoustic emission event counts for the model 
sandwich laminate with the fabric layer in the 90° direction.
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Figure 4.63.- Behaviour of the negative of the ratio of the transverse strain to the longitudinal 
strain, ie the Poisson’s ratio -(t/1), as a function of the longitudinal strain for the model sandwich 
laminate with the fabric layer in the 90° direction
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Figure 4.64.- Behaviour of the negative of the ratio of the transverse strain to the longitudinal 
strain, ie the Poisson’s ratio -(t/1), as a function of the longitudinal strain for the model sandwich 
laminate with the fabric layer in the 90° direction
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Figure 4.65.- Crack density-strain curve for the model sandwich laminate with the
fabric layer in the 90° direction.
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Figure 4.66.- Crack development for the model sandwich laminate with the fabric 
layer in the 90° direction Applied strains are indicated.
103
CHAPTER 4
n il rcp  1
ourse 2
m i r c p  1
2 mm
Figure 4.67.- Schematic diagram showing crack development for the model sandwich 
laminate with the fabric layer in the 0° direction.
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Figure 4.68.- Crack density versus strain curves for the model sandwich laminates in
all angular orientations.
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Figure 4.69.- Curve of derived knitted fabric stress in loading direction vs. strain for model 
material sample in 0° (Wale direction).
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Figure 4.70.- Curve o f derived knitted fabric stress in loading direction vs. strain for model
material sample in 30°.
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Figure 4.71.- Curve of derived knitted fabric stress in loading direction vs. strain for model 
material sample in 45°.
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Figure 4.72.- Curve o f derived knitted fabric stress in loading direction vs. strain for model
material sample in 60°.
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Figure 4.73.- Curve of derived knitted fabric stress in loading direction vs. strain for model 
material sample in 90° (Course direction).
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Figure 4.74.- Stress vs. strain curve in cyclic test for model material at 0° (Wale
direction).
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Figure 4.75.- Stress vs. cumulative strain curve in cyclic test for model material at 0° 
(Wale direction).
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Figure 4.76.- Stress vs. strain curve in cyclic test for model material at 45°
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Figure 4.77.- Stress vs. cumulative strain curve in cyclic test for model 
material at 45°
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Figure 4.78.- Stress vs. strain curve in cyclic test for model material at 90° 
(Course direction).
109
CHAPTER 4
400
Model material at 90^
350 -
250
^  200 - -
150
100  - -
L
4 5 6 7
Cumulative strain (%)
180 
160 
140 
120 _
100 8
80 §>
-- 60 
-- 40 
- 20
o>
LU<
0
10
Figure 4.79.- Stress vs. cumulative strain curve in cyclic test for model 
material at 90° (Course direction).
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Figure 4.80.- Stress vs. strain curve for unidirectional reinforced sample.
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Figure 4.81.- Stress vs. cumulative strain curve for unidirectional reinforced sample.
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Figure 4.82.- Stress vs. strain curve for (0°, 90°) cross-ply.
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Figure 4.83.- Stress vs. cumulative strain curve for (0°, 90°) cross-ply.
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Figure 4.84.- Fracture area in (a) wale direction and (b) course direction
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CHAPTER 5 
EXPERIMENTAL RESULTS AND
DISCUSSION ON THE COMMERCIAL
MATERIAL (RTM)
5.1. INTRODUCTION.
This Chapter describes results on commercial laiitted fabric composites. Two 
commercial composites manufactured with Milano 2x68 tex knitted fabric and 
Derakane vinyl ester resin as matrix were analysed. One panel consisted of 5 layers of 
fabric and the second panel, consisted of 4 layers of fabric. These materials were 
made by the Cooperative Research Centre for Advanced Composites Structures 
Limited in Australia using resin transfer moulding (RTM) in order to obtain an 
engineering material with high fibre volume fraction. The quasi-static behaviour of 
the materials has been investigated as a function of angle, including an investigation 
of the damage accumulation.
For the mechanical tests, coupons were tensile tested at 6 different angles 
(with at least four samples at each angle) with respect to the nominal wale direction of 
the laiitted fabric. The angles used were -45°, 0°, 30°, +45°, 60 ° and 90° (it should be 
noted that the wale direction could only be defined to an accuracy of about ± 7°). The 
acoustic emission (AE) technique was used to monitor damage.
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5.2. STRESS-STRAIN RESULTS FOR I{NITTED FABRIC COMPOSITES 
RTM MANUFACTURED
The panels supplied consisted of 5 layers or 4 layers of 2x68 tex laiitted fabric 
embedded in a matrix of Derakane epoxy vinyl ester 411-350. The fabric had areal 
densities of 742 g/m^ and 940 give? respectively, and the panels were made by CRC- 
ACS using the resin transfer moulding (RTM) technique. Sections of the 5-layer panel 
were cut parallel and perpendicular to the wale direction, and microphotogi'aphs are 
shown in Figure 5.1(a) and Figure 5.1(b). These figures illustrate the complexity of 
the material. With careful observation, it was possible to identify the original five 
layers of cloth and these layers are labelled on the Figures. The fibre volume fraction 
determination is detailed in section 3.3. This first panel had a fibre volume fraction of 
46+0.3% and the second had a fibre volume fraction of 48+0.5%.
5.2.1. KNITTED FABRIC WALE DIRECTION AT 0° TO THE LOADING 
DIRECTION
Typical stress-strain curves for samples with the wale direction of the fabric 
aligned parallel to the loading, 0^-direction are shown in Figures 5.2 and 5,3 for 5 
layers and 4 layers composite respectively. In general, the stress-strain curves appear 
non-linear from even very small strains. Overall the curves show a remarkable 
similarity to the stress-strain curves of ductile metals. Indeed, they even show a zero 
“work-hardening rate” region above a strain of about 1.7%, with failure at about 2%. 
In these opaque RTM materials, it was impossible to determine the onset of cracking 
visually and the acoustic emission (AE) technique was used to monitor damage. 
Acoustic emission (AE) activity is shown together with the stress-strain curves. AE 
activity begins at quite low strains (approximately 0.2% to 0.4%). From strains of 
about 0.2% to 1%, the AE event count rises slowly, but a dramatic increase is 
observed from about 1.0% strain. All coupons had strain gauges parallel and 
perpendicular to the loading direction so that the transverse strains were also 
measured. Figures 5.4 and 5.5 show the variation of the Poisson's ratio with strain ie 
the negative value of the ratio of the transverse strain to the longitudinal strain plotted 
as a function of the longitudinal strain.
115
CHAPTER 5
Previously in Chapter 4, it was shown that an excellent indication of the onset 
of matrix cracking damage is given by the variation in the Poisson’s ratio. Figures 5.4 
and 5.5 show that the Poisson’s ratio (-t/1) increases gradually (but not necessarily 
uniformly) to a strain of about 0.4%. Beyond this strain, the ratio decreases and hence 
it seems likely that matrix cracking began at approximately this strain. However it 
was not possible to verify this visually due to the opacity of the material. Also, 
because of the high complexity shown by the laiitted fabric structure, it was 
impossible to detect matrix cracks in sections taken from the material until high 
strains, and high crack densities were reached (See Chapter 6)
Although matrix cracking was difficult to observe, there were indications of 
such damage on the surface of the sample in the form of lightly-coloured lines 
crossing the width of the coupon (see Figure 5.6 for example). These lines had the 
same spacing as expected from the study of the model sandwich laminates in the 
previous chapter. Hence, these lines had a spacing of 4 mm which corresponds to the 
spacing of the planes where the float stitches of courses 2 and 3 coincide. There was 
also some evidence of lines indicating matrix cracking on planes, which correspond to 
the needle points of course 1. These planes are approximately half way between the 
original planes. Detailed microstructural observations of failed coupons (in Chapter 6) 
show that cracks with these spacings can be found in sections taken near the surface 
of the specimens.
Figure 5.6 shows a failed coupon at 0° (wale direction) in which the fracture 
surface is perpendicular to the load direction. Damage in the outer plies can be seen in 
the photograph in the form of transversaï)y^hite lines having a 4 mm spacing pattern, 
with fainter lines between them. It is important to notice that at failure, there was not a 
complete separation of the coupon. Fibres bridge the two fractured surfaces as loops 
are pulled out across the fracture plane. Higher magnification picture of the fractured 
region shows that some of the bundles of fibres have been fractured and been pulled 
out. The fibre bundles do not have resin adhering to them, suggesting that adhesion is 
poor between the glass fibres and the Derakane matrix (Figure 5.7).
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5 . 2 . 2 .  KNITTED FABRIC WALE DIRECTION AT 3 0° TO THE LOADING
DIRECTION
Figures 5.8 and 5.9 show typical stress-strain curves and AE activity for 
specimens loaded at 30° to the wale direction. As for the 0° results, it is difficult to 
detect a linear portion to the curves which appear non-linear from the origin. The 
stress-strain curves for the 5-layer and 4-layer material do appear slightly different in 
that the 4-layer material seems to show a sharp change in slope at a strain of about 
0.6%. The 5-layer material, on the other hand, does not show such a sharp change in 
slope, although a smaller change is apparent at about 0.4%. Also, the AE emissions 
for the 5-layer material were recorded from about 0.3% to 0.4% strain whereas in the 
4-layer material, the AE events were not recorded until about 0.5% strain. Again the 
stress-strain curve show a pronounced plateau, particularly for the 4-layer material, 
with failure at about 1.6%
Once more, it was difficult to observe cracks directly. If the change in the 
Poisson’s ratio is taken as an indication of the onset of cracking, then in the 5-layer 
material (Figure 5.10), this began at very low strains. However, in the 4-layer 
material, the sharp change in the slope of the stress-strain curve at about 0.6% is 
accompanied by a sharp change in the Poisson’s ratio (t/1) (Figure 5.11). These 
observations suggest that the onset of matrix cracking began at different strains in the 
4-layer and the 5-layer material. Presumably this is related to the difference in areal 
density. In fractured specimens, indications of matrix cracks were observed miming 
in the course direction of the knitted fabric (Figure 5.12). This direction is 
perpendicular to the 30° direction. In addition, the samples eventually failed parallel 
to this direction.
Figure 5.12 shows examples of a fracture surface and indications of matrix 
cracking seen in the surface of the specimens having a 4 mm spacing. A magnified 
section of the fracture surface can be seen in Figure 5.13 where pulled-out fibre 
bundles can be seen.
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5 . 2 . 3 .  KNITTED FABRIC WALE DIRECTION AT 45° TO THE LOADING
DIRECTION
The stress-strain curves for this angle showed similar behaviour to the 
behaviour of the 30  ^ specimens (Figures 5.14 and 5.15). In this case, the Poisson’s 
ratio data (Figure 5.16) seem to suggest the onset of matrix cracking damage at about 
0.5% strain for the 5-layer material (Figure 5.16) and indeed, a small change in the 
slope of the stress-strain curve can be seen at this strain as well (Figure 5.14). As in 
the case of the 30® material, a substantial change in slope for the 4-layer stress-strain 
curves at about 0.6% (Figure 5.15) corresponds to a sharp change in the Poisson’s 
ratio (Figure 5.17) In summary, the results suggest that predamage at this orientation 
began at strains of 0.4% and 0.5%, respectively for the 5-layer and 4-layer material, 
with matrix cracking beginning at 0.5% and 0.6%, respectively.
At this angle, two failure modes were identified. Figure 5.18a shows the 
fracture of a coupon at +45° in which the fracture plane follows the course direction. 
In the second mode, the fr acture plane is closer to the wale direction of the specimen 
in which the crack develops running parallel to the legs of the loops. 60% of all the 
samples tested (both 4-layer and 5-layer) showed the first mode and 40% the second 
mode. The fracture surface for the first mode (ie parallel to the wale direction) can be 
seen in Figure 5.19.
5.2.4. KNITTED FABRIC WALE DIRECTION AT -45° TO THE 
LOADING DIRECTION
The behaviour of the coupons at -45® was similar to the behaviour at +45 . 
Figures 5.20 and 5.21 show typical stress-strain curves at this angle. For this angle, 
the change in slope of Poisson’s ratio occurs in both materials at about 0.6% strain 
(Figures 5.22 and 5.23). This also corresponds to a sharp change in slope of the 4- 
layer stress-strain curve. Again precracking damage was detected earlier in the 4- 
layer specimens, though this was not so apparent in the 5-layer material.
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Final failure at -45° developed similarly to that observed at +45 ° due to the 
symmetry of the Milano knitted fabric whose face and back sides are similar. As 
occurred in the +45° orientation, the cracks are free to propagate either perpendicular 
to the wale direction or following the wale direction (Figure 5.24). Figure 5.24a 
shows the mode in which the fracture appeared trying to follow the wale direction. 
The damage in the outer fabric layer can be seen in the forai of faint white lines 
having a 4 mm spacing. In Figure 5.24b the fracture is running roughly parallel to the 
course direction.
The fracture surface can be seen at higher magnification in Figure 5.25, which 
again shows fibre bundles pulled out of the fracture surface.
5.2.5. KNITTED FABRIC WALE DIRECTION AT 60° TO THE LOADING 
DIRECTION
Figures 5.26 and 5.27 show the stress vs. strain plot in which, again the non­
linear behaviour dominates the curve. The acoustic emission signal registers damage 
from about 0.3% strain. The Poisson’s ratio plots of Figures 5.28 and 5.29 suggest 
that matrix cracking damage begins at about 0.6% strain.
Cracking damage is clearly observed in the fractured specimen of Figure 5.30. 
The damage is in the form of faint white lines which can be seen in the surface of the 
sample. These lines follow the wale direction of the fabric and have a final spacing of 
about 2 mm. Figure 5.30 also shows that the composite samples failed by cracks 
running along this direction. Figure 5.31 shows the fractured area in more detail. The 
crack path follows the legs of the loops in the wale direction of the fabric. In figure 
5.31, the legs of the loops can be clearly seen in the fracture surface.
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5 . 2 . 6 .  KNITTED FABRIC WALE DIRECTION AT 90° TO THE LOADING
DIRECTION
There is no general change in the stress-strain behaviour for the 90® specimens 
and the same non-linear behaviour is observed as before (Figures 5.32 and 5.33). At 
about 1.0% strain the stress seems to be stabilised and the increment is slowed down 
up to failure. Acoustic emission signals began at very low sti*ains in this case, at about 
0.2% strain. However, the evidence of the Poisson’s ratio curves (Figures 5.34 and 
5.35) suggests that matrix cracking damage did not begin until about 0.7% to 0.8% 
strain.
Figure 5.36 shows a fractured sample. The plane of the fracture was 
perpendicular to the load direction. The crack is bridged by unfractured fibre bundles 
and Figure 5.37 shows a magnified picture of the fractured surface where fibre 
bridging can be seen. Obviously, the failure runs parallel to the wale direction of the 
fabric. Figure 5.37 also shows that the fracture runs along the legs of the loops.
5.3. COMPARISON OF RESULTS FOR DIFFERENT ANGLES IN 
THE RTM MATERIAL
Despite the differences between the two RTM panels tested (i.e. areal density, 
number of layers), the cracking damage development and stress-strain curve 
behaviour were similar in both the 5 layer and the 4 layer composites. This similarity 
is presumably due to the importance of the fibre volume fraction which is almost the 
same in both cases (about 47%). Tables 5.1 and 5.2 show the mechanical parameters 
for all the angular orientations tested and Figures 5.38 to 5.41 show the variation of 
the mechanical properties with angle for both the 5 layer and 4 layer RTM 
composites. As found in the single layer material (see Chapter 4), the highest Young’s 
modulus was found for the 0° and 30° directions although the highest strength is in the 
0° direction in both cases.
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The two-dimensional analysis on the loops carried out on single layer material 
suggested that the fibre distribution was roughly symmetrical about the 0® (wale) 
direction (see Figure 4.5). The fact that the mechanical tests results for both the 
single layer and RTM material show that the Young’s modulus in the 0® and 30® 
directions are similar, suggests that a three-dimensional analysis of the fibre 
architecture is required (Gommers et al, 1998). This is likely to show that there is a 
significantly higher proportion of fibre oriented in the 30® direction than was detected 
in the two-dimensional analysis.
Tables 5.1 and 5.2 also show that the RTM material is more isotropic than the 
single layer laminates. The ratio of the Young’s moduli in the 0® and 90® directions 
for the RTM material is about 1.2 (ie the Young’s modulus in the 0® direction is about 
20% higher). For the single layer material (Table 4.1), the ratio is 1.7. Similarly, the 
ratio of the strengths in the 0® and 90® directions for the RTM material is 1.3; for the 
single-layer material it is 1.9. Hence, the RTM material is much more isotropic and 
this is presumably because of the crushing together and rumpling of the layers of cloth 
to achieve the high fibre volume fraction in the RTM process. As Figure 5.1 shows, 
there is much distortion, and probably crushing, of the cloth layers leading to a more 
isotropic fibre orientation distribution.
Another similarity between the single layer material and the RTM material is 
the fr acture path at failure. For both the single layer and RTM material, the fracture 
path in specimens with the wale direction oriented at 0® and 30® to the loading 
direction was along the course direction of the cloth. Observations of the fracture 
surface in the single-layer material showed this to be the plane of the head, or needle, 
of the loops. On the other hand, for both the single layer and RTM material, the 60® 
and 90® specimens fractured along a plane parallel to the wale direction of the cloth, 
along a path which linlced the legs of the loops. The 45® angle specimens marked a 
transition in both cases between fracture along the course and wale directions.
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The values of the mechanical properties found here for the RTM specimens 
are very similar to values found by Anwar et al, (1997). They also tested 2x68 tex, 
weft-knitted Milano fabrics with a Derakane vinyl ester resin matrix, but with six 
layers of fabric and a slightly higher fibre volume fraction. Anwar et al (1997) tested 
only the 0® and 90® directions, but a comparison with the results found here for those 
directions is shown in Table 5.3. The results for tensile strength. Young’s modulus 
and strain to failure are all reasonably similar. The higher values found by Anwar et 
al (1997) in each case are probably due to the higher fibre volume fraction, in the case 
of the Young’s moduli, and possibly to the increased number of layers, in the case of 
the strength and strain to failure.
Turning now to the damage accumulation, in the case of the RTM material, 
which fractured at high applied strains, it was possible to see evidence of matrix 
cracking in the form of fine white lines in the outer layer of the opaque specimens. 
This cracking damage appeared to extend across the width of the coupon, usually 
parallel to the course or wale direction which would be plane of final failure (except 
in the case of the 45® material). No such damage was evident in the single layer 
material since it failed as soon as any damage initiated. In the case of the model 
sandwich laminates, crack initiation at loop cross-over points was followed by the 
development of a cracking pattern which was dominated (for the 30®, 45® and 60® 
angles) by the stiff outer 0® plies so that the matrix cracks grew mostly perpendicular 
to the loading direction for all angles of the fabric. However, the accentuated 
cracking in the model sandwich laminates followed the same behaviour as the RTM 
material. In the 0® and 30® model sandwich laminates, the accentuated cracking 
occurred around the head, or needle, of the loops in the course direction. In the 60® 
and 90® specimens, the accentuated cracking occurred along the legs of the loops in 
the wale direction. A difference was seen in the 45® specimens where the model 
sandwich laminates showed accentuated cracking around the heads of the loops, 
whereas in the RTM material, the faint white lines are indicative that matrix cracking 
could form in either the wale or course direction, with fracture also on either plane.
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Finally, it should be mentioned that samples of the fractured RTM specimens 
were taken well away from the fracture surfaces and the matrix burnt away. 
Examination of the remaining fabric layers found that there were no indications of 
tow fracture or fibre fracture. The same result was found in the model sandwich 
laminate i.e. that the laiitted fabric away from the fracture surfaces had not been 
damaged. This suggests that the tows in the laiitted fabric were pulled out, unbroken, 
across any matrix cracking damage which occurred in the RTM composites. This 
suggestion is in line with the idea that yams in the fabric are pulled out across matrix 
cracks, which are then bridged by fibre bundles (Huysmans et al, 2001). As in the 
case of the model sandwich laminates, it was decided to subject the RTM coupons to 
cyclic loading experiments to investigate whether the role of the fibre tows could be 
further understood.
5.4. CYCLIC TESTS OF RTM MATERIALS TO DIFFERENT STRAINS.
Samples cut at different angles from the 4 layer commercial composite (RTM) 
were tested in tensile loading by taking them to a certain strain and, after reaching this 
point, they were unloaded to zero load and reloaded again to a higher strain, and so 
on until fracture. The samples were tested at the same cross-head speed as in the 
earlier work (0.5 mm/s) and stress, strain and AE data were recorded (as before) by a 
datalogger..
5.4.1. KNITTED FABRIC WALE DIRECTION PARALLEL TO THE 
LOADING DIRECTION (0®)
Samples at this angle were taken to 0.1% strain, unloaded, reloaded to 0.6%, 
unloaded, reloaded to 1.0%, unloaded, reloaded to 1.5% strain, unloaded and then 
reloaded to failure. Figure 5.42 shows the stress-strain behaviour for these cyclic tests, 
and Figure 5.43 shows the stress-cumulative strain results.
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There are a number of features to be noted which were common to all the 
specimens cyclically loaded in this way. Firstly, there is elastic behaviour when the 
material is loaded to 0.1% and then unloaded. It is difficult to see this in Figure 5.42 
since the two lines superimpose. Although there is elasticity, the curves do not appear 
to be entirely linear even at this low strain. Secondly, loading to 0.6% strain and 
unloading produces not only a small hysteresis loop, but also a residual strain (of 
about 0.03%). It should be noted, for comparison, that a strain of 0.6% is above the 
strain at which the change in the Poisson’s ratio during the monotonie tests suggested 
is the strain for the onset of matrix cracking. Thirdly, when reloading the sample to 
1% strain, the hysteresis loop is ‘closed’, in the sense that the stress passes through 
the previous peak stress value at a strain of 0.6% while the specimen is being loaded 
to a higher strain. Unloading from a strain of 1% produces a much larger residual 
strain (about 0.15%). Fourthly, when reloading the sample, now to a strain of 1.5%, 
the hysteresis loop is this time not ‘closed’. During this reloading, the stress at 1% 
strain is lower (by about 3 MPa) than the value on the previous cycle. Fifthly, when 
unloading and reloading to failure, the hysteresis loop is again not closed, and the 
stress reduction at 1.5% strain is now larger (about 4.5 MPa). Finally, for each 
successive reloading to higher strains (above the initial strain of 0.1%) the hysteresis 
loops have a lower overall slope.
Figure 5.43 displays the stress-cumulative strain results curve of the same 
sample, together with the AE data. Similar constructions can be used (i.e. points Ai 
and A2) for this data as for the cyclic data in Chapter 4. Points Ai and A2 in figure 
5.43 represent the pealc stress reached when loading to a strain of 1.5% (point Ai), and 
the same stress reached after unloading and reloading (point A2). Considering point 
Ai first, it is clear that significant AE activity is recorded during unloading from the 
peak strain of 1.5% for a period equivalent to a strain of about 0.2%. However, on 
reloading to failure, there is significant AE activity for a period equivalent to a strain 
of about 0.4% before the same stress is reached (point A2). This is perhaps not very 
surprising since the hysteresis loop is not ‘closed’ but undershoots the previous stress 
attained at the strain of 1.5% in the previous cycle.
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5 . 4 . 2 .  KNITTED FABRIC WALE DIRECTION AT 3 0° TO THE LOADING
DIRECTION
Samples at 30° were cycled to strains of 0.1%, 0.6%, 1.0% strain, and then up 
to fracture (Figure 5.44). The stress-cumulative strain behaviour is shown in Figure 
5.45. The first load and unload to a strain of 0.1% again showed elastic behaviour, 
although again, it may not be linear elastic. Reloading, the curve followed the same 
path to a strain of 0.6%, and here unloading and reloading produced a small residual 
strain and a small hysteresis with the loop not quite ‘closed.’ The change in the 
Poisson’s ratio during monotonie tests on this material suggested that matrix cracldng 
would begin at about 0.6%.
5.4.3. KNITTED FABRIC WALE DIRECTION AT 45° TO THE LOADING 
DIRECTION
These samples were cycled to taken to three strains 0.6%, 1.0%, 1.5% strain 
and then to failure (Figures 5.46 and 5.47). The results here are very similar to the 
results for the 30° specimens. When cycled to a strain of about 0.6%, the hysteresis 
loop is not quite ‘closed,’ and when cycled to a strain of 1%, it is clearly not closed. 
All the previous general observations about residual strain, reduction in slope of the 
loops etc, apply here as well. Indeed, constructing points Ai and A2 shows again that 
significant AE activity occurs both on unloading and on reloading before the previous 
peak stress has been reached.
5.4.4. KNITTED FABRIC WALE DIRECTION AT -45° TO THE 
LOADING DIRECTION
In this angular orientation three peak strains were used, 0.6%, 1.0% and 1.5%. 
Typical results are shown in Figures 5.48 and 5.49. The results for the -45° angle are 
almost exactly the same as the results for 45°. Again, the hysteresis loop for a peak 
strain of 0.6% is not quite closed. As in the case of the 45° specimens, the monotonie 
tests showed that the change in slope of the Poisson’s ratio, and hence an indication of 
matrix cracking, occurred at about 0.6%.
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5 . 4 . 5 .  KNITTED FABRIC WALE DIRECTION AT 60° TO THE LOADING
DIRECTION
Typical stress-strain cyclic data for a sample at 60° are shown in Figure 5.50, 
with the cumulative strain data in Figure 5.51. In this case, peak strains of 0.5% and 
0.9% were used since the strain to failure at this angle is lower than for the previous 
angles.
The general behaviour was as before. Figure 5.50 shows that when strained to 
0.5% strain and unloaded, a small hysteresis occurred. On reloading to a strain of 
0.9%, the hysteresis loop closed. On the other hand, when unloading from a strain of 
0.9% and then reloading, the hysteresis loop did not close. In the monotonie tests, it 
was shown that the change in Poisson’s ratio occurred at about 0.6% strain.
5.4.6. KNITTED FABRIC WALE DIRECTION AT 90° TO THE LOADING 
DIRECTION (LOADING IN THE COURSE DIRECTION)
The cyclic stress-strain curves and cumulative strain data for this angle are 
shown in Figures 5.52 and 5.53. These specimens were talcen to peak strains of 
0.1%, 0.3%, 0.6% and 0.8%. Loading/unloading to 0.1% was purely elastic (though 
not necessarily linear elastic) whereas loading to a peak strain of 0.3% and unloading 
showed a very small hysteresis. This hysteresis increased for peak strains of 0.6% 
and 0.8%. All of the hysteresis loops ‘closed’, except for the peak strain of 0.8% 
which showed evidence of not being completely closed. Interestingly, there was very 
little change in slope of the hysteresis loops compared to the previous angles tested. It 
should be noted that in the previous monotonie tests, the change in the Poisson’s ratio 
(probably indicating the onset of matrix cracking) did not occur until a strain of about 
0.8%.
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5.5. COMPARISON OF RESULTS FOR CYCLIC TESTS AT 
DIFFERENT ANGLES IN THE RTM MATERIAL
In general, the results of the cyclic tests on the RTM material can be summarised as 
follows.
(i) For peak cyclic strains of 0.1%, all the materials tested showed an elastic 
response, though it is difficult to say whether this was linear-elastic. No 
residual strains occurred.
(ii) For higher strains, but below the onset of matrix cracking (as indicated by 
the change in Poisson’s ratio), hysteresis loops form which are ‘closed.’ In 
all cases, a small residual strain occuiTed. The overall slope of the 
hysteresis loops is very similar to the original stress-strain curve.
(iii) For peak cyclic strains greater than the strain for the onset of matrix 
cracking (as indicated by the Poisson’s ratio changes), the hysteresis loops 
do not ‘close.’ Indeed, as the peak cyclic strain increases, so the closure of 
the loops becomes poorer. In all cases, as the peak cyclic strain increases, 
so the residual strain on imloading increases. In addition, as the peak cyclic 
strain increases, so the overall slope of the loops decreases.
The only other work which the author has found on the cyclic behaviour of a 
laiitted fabric composite in the literature is that by Gommers and Verpoest (1995). 
They tested a glass/epoxy warp knitted fabric composite which is quite different in 
fibre architecture to the material tested here, but useful comparisons can be made with 
their work. Although the fibre volume fraction is not stated in their paper, it must 
have been quite high since their data suggest a Young’s modulus of about 15 GPa.
Firstly, when loading in the warp and weft directions, they found a very small 
cyclic hysteresis for a pealc strain of 0.2%. Secondly, when loaded to peak strains of 
0.5% and 1%, they found both an increased residual strain for the increased peak 
cyclic strain, and an increased hysteresis effect. Interestingly, the hysteresis loops in 
the paper by Gommers and Verpoest (1995) show residual strains, as here, and they 
are also ‘closed’ loops, but the loops do not show any overall reduction in slope 
compared to the initial stress-strain curve.
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Gommers and Verpoest (1995) do not comment on the development of matrix 
cracking in their work, but they do show data for the change in Poisson’s ratio with 
applied strain. These data appears to show a change in slope at a strain of about 1%. 
Hence, the fact that the Gommers and Verpoest (1995) loops are ‘closed,’ and that the 
cyclic loops have the same slope as the initial stress-strain curve, is consistent with a 
strain in their tests of 1% being equal to, or just below, the strain for the onset of 
matrix cracking. In other words, the results of Gommers and Verpoest (1995) are 
very similar to the results found here.
The following explanations are suggested for the behaviour of the RTM 
materials tested here. For very small peak cyclic strains (up to about 0.1%), the 
material is nonlinear elastic. Gommers and Verpoest (1995) suggested that the 
nonlinear elasticity is due to the nonlinear behaviour of epoxy in shear. It seems 
likely that a similar explanation is valid for the Derakane matrix used in these 
experiments for low peak cyclic strains. At higher strains, but below the strain for 
the onset of matrix cracking (as indicated by the Poisson’s ratio changes), residual 
strains develop and the hysteresis loops are ‘closed.’ It is possible that within this 
strain range, precracking damage, in the form of cracking at the loop cross-over points 
occurs, but this damage does not seem to have a noticeable effect on the stress-strain 
behaviour except that it may contribute to the residual strain which occurs on 
unloading the specimens. The other contribution to the residual strain is presumably a 
nonlinear behaviour of the Derakane matrix. For peak cyclic strains above the onset 
of matrix cracking, the important changes are that the hysteresis loops no longer 
‘close,’ and that the overall slope of the hysteresis loops decreases (an exception is the 
behaviour of the wale (0^) specimens, for which the loops were closed up to a strain 
of 0.6% which is above the matrix cracking strain of 0.4% indicated by the Poisson’s 
ratio changes). The reduction in the overall slope of the hysteresis loops is presumably 
due to the development of matrix cracking damage which reduces the modulus of the 
composite. To investigate further the non-closure of the hysteresis loops at high peak 
cyclic strains, some additional tests were carried out.
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5.6. CYCLIC TESTS AT FIXED PEAK CYCLIC STRAINS.
Three angular orientations (30°, 45° and 90 °) were tested. In the case of the 
30° sample, the sample was taken to a peak strain of 0.7% for three cycles, before 
being loaded to failure. The cyclic stress-strain curves and the stress-cumulative 
strain data are shown in Figures 5.54 and 5.55, respectively. In similar tests, a 45° 
sample was loaded to a strain of 1% for three cycles (see Figures 5.56 and 5.57) and 
the 90° specimen was loaded to a peak strain of 0.7% for four cycles (Figures 5.58 
and 5.59).
For the 30° orientation, a pealc strain of 0.7% is just above the strain at which 
the change in Poisson’s ratio indicates that matrix cracking begins. When unloading 
from the strain of 0.7%, a residual strain occurs and on reloading the hysteresis loop 
does not quite close. In other words, the peak stress for the same peak strain has 
reduced. Cycling the specimen to the same peak strain suggests that the hysteresis 
loop is not quite stable since the peak stress falls, although the reduction is not very 
large.
For the 45° specimen, a pealc strain of 1% is well above the strain at which 
matrix cracking occurs (the Poisson’s ratio results suggested this occurred at about 
0.6% strain). Here, there is a large reduction in peak stress after unloading and 
reloading to the same strain (ie the hysteresis loop does not ‘close’), but a smaller 
reduction in peak stress for the third cycle. The residual strain appears to increase 
slightly in each cycle also.
For the 90° specimen cycled to a peak strain of 0.7%, this strain is again 
slightly below the expected matrix cracking strain (as indicated by the Poisson’s ratio 
changes) of about 0.7% to 0.8%. In this case, there is only a very small reduction in 
the peak stress on reloading to 0.7% strain and the hysteresis loops are almost closed.
129
CHAPTER 5
Comparison of the acoustic emission (AE) activity shown in the stress- 
cumulative strain curves for the three specimens shows the following. For the two 
specimens cycled above the expected onset of matrix cracking, significant AE activity 
was recorded each cycle, both on the approach to the peak stress reached each cycle, 
and as the stress was reducing from the pealc value. In the case of the 90° specimen, 
very little AE activity was recorded either on the first cycle or on subsequent cycles. 
This is consistent with the monotonie tests (Figures 5.32 and 5.33) and the previous 
cyclic tests (Figure 5.52).
5.7. DISCUSSION OF THE IMPLICATIONS OF THE CYCLIC TEST DATA
In this section an attempt will be made to explain the cyclic tests data in the 
context of the previous results on the RTM material.
An interesting feature of the RTM material behaviour is the shape of the 
curves displayed in the stress-strain plots. In all cases, at high strains it is possible to 
identify a region of pseudo-plasticity where the slope of the stress-strain curves 
reduces, sometimes to zero. This behaviour, together with the cyclic stress-strain 
behaviour, suggests the following explanation. At low strains, this work has shown 
that damage initiation occurs at the cross-over sites of the laiitted fabric. Gommers 
and Verpoest (1995) have suggested that there may be fibre/matrix debonding in such 
composites at low strain, but it seems more likely that there may be some yam/matrix 
debonding. At a higher strain, which depends on the angle of loading, the predamage 
at the yam cross-over points develops into matrix cracking. The observations in 
Chapter 4 suggest that this will occur first, for specimens loaded at angles between 0° 
and 45°, on planes where the float stitches of courses 2 and 3 are held together. For 
higher angles, it is along the legs of the loops where the matrix cracking develops. 
When the matrix cracks form, it is likely that the fibre tows of the loops start to be 
pulled out to bridge the matrix crack firacture surfaces and also stretched. At 
sufficiently high strains when many matrix cracks have formed, the easy extension of 
the pulled out tows produces a stress-strain curve which goes fiat since very little 
additional stress is needed to increase the strain, due to the stretchability of the laiitted 
fabric.
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Figure 5.60 and 5.61 are attempts to illustrate the loops being pulled out and 
stretched across the matrix cracks for the wale (0®) and course (90^) directions, 
respectively.
If the composite is loaded to failure, the tows of the loops are pulled out from 
the matrix and eventually they break during the total fracture. The cyclic tests provide 
additional confirmation of these suggestions. For low cyclic peak strains, below the 
onset of matrix cracking damage, the hysteresis loops are ‘closed.’ However, once 
matrix cracking occurs (as indicated by Poisson’s ratio changes), the hysteresis loops 
do not close, in general. This appears to be an unusual result and it is believed that 
the non-closure of the loops is due to the effect of pulling fibre bundles out of the 
matrix. Hence, the same overall strain can be achieved for the composite on 
reloading, but at a lower applied load, because of the stretchability of the pulled-out 
fibre tows. The AE evidence would appear to confirm this suggestion since 
significant AE activity occurs both during reloading the specimens to the previous 
peak strain and during unloading. It is likely that this AE activity is due to the loops 
being stretched and pulled out of the matrix, probably with associated debonding at 
the tow/matrix interface and frictional rubbing. Hence, as soon as the sample is 
unloaded, the loops try to recover the strain and the tows re-enter the matrix sockets 
producing friction in the matrix wall which is detected by the acoustic emission. 
Similarly, during reloading, the tows are perhaps pulled out of the sockets, with 
possible further debonding, as well as being stretched, giving rise to AE activity 
before the previous maximum strain has been reached.
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5.8 SUMMARY
Knitted fabric reinforced composites, consisting of five or four layers of cloth 
in a Derakane matrix, have been subjected to monotonie and cyclic loading 
experiments. Despite the differences between the two RTM panels tested (i.e. areal 
density, number of layers), the cracking damage development and stress-strain curve 
behaviour were similar in both the 5 layer and the 4 layer composites and the 
mechanical properties (Young’s modulus and tensile strength) were also similar to 
previous work by others. The highest Young’s modulus was found for the 0° and 30° 
directions, which is consistent with the results found for the single-layer knitted glass 
fabric/epoxy composites (see Chapter 4), confirming that the two-dimensional 
analysis on the angular distribution of the fibre reinforcement of the loops carried out 
on the single layer material (see Chapter 4) is insufficient to characterise the fibre 
distribution.
It has been found that the mechanical properties of the RTM material are 
much more isotropic than for the single-layer fabric, presumably because of the 
crushing together and rumpling of the layers of cloth to achieve the high fibre volume 
fraction in the RTM process. Fracture paths at failure in the single-layer and RTM 
material were found to be similar. The fracture path in specimens with the wale 
direction oriented at 0° and 30  ^to the loading direction was along the course direction 
of the cloth, whereas for the 60® and 90® specimens, the fracture path was parallel to 
the wale direction of the cloth. The 45® angle specimens marked a transition between 
fracture along the course and wale directions.
Direct evidence of the onset of matrix cracking was difficult to obtain in these 
RTM specimens due to crushing and rumpling of the fabric layers, although cracldng 
damage in the form of fine white lines in the outer layer of the opaque specimens 
could be observed. An indirect method of monitoring matrix cracking was used ie the 
change in the Poisson’s ratio with applied strain. However, it should be noted that 
this technique requires further work to establish unambiguously that it is indeed 
matrix cracking in the RTM specimens which is giving rise to these changes.
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Burning away the matrix of fractured RTM specimens showed that there were 
no tow fractures or fibre fractures within the composite away from the region of 
composite failure (the same result was found in the model sandwich laminates of 
Chapter 4).
Cyclic tests on the RTM specimens to progressively higher strains showed that 
for peak cyclic strains up to 0.1%, all the materials tested showed an elastic response, 
though it is difficult to say whether this was linear-elastic. No residual strains 
occurred. For higher peak cyclic strains, but below the onset of matrix cracking (as 
indicated by the change in Poisson’s ratio), hysteresis loops formed which were 
‘closed,’ and a small residual strain occurred. For peak cyclic strains greater than the 
strain for the onset of matrix cracking (as indicated by the Poisson’s ratio changes), 
the hysteresis loops do not ‘close,’ the residual strain on unloading increases, and the 
overall slope of the hysteresis loops decreases. The behaviour of these cyclic loops, 
together with the large pseudo-plasticity of the monotonie stress-strain curves, have 
been explained in terms of the pulling out and stretching of laiitted loops across 
matrix cracks.
The results in this Chapter, together with the results in Chapter 4, suggest that 
various types of damage occur in knitted fabric composites prior to fracture, including 
damage at loop cross-over points, matrix cracking, and possible tow/matrix 
debonding. The next Chapter presents microstructural observations (on both the 
model laminated knitted-fabric sandwich composite material of Chapter 4 and the 
commercial RTM material of Chapter 5) where attempts have been made to observe 
the different types of damage.
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Table 5.1.-Mechanical parameters for 5 knitted layers commercial material (RTM) 
showing the standard error.
Angle # E (GPa) V UTS (MPa) £f(% )
0° 1 14.4 0.32 103.3 2.04
2 13.4 0.31 97.7 2.0
3 14.3 &32 101.6 1.04
4 13.1 0.32 98.9 1.87
Average 13.8±0.3 0.32Æ005 100.4±1,3 1,7±0,2
30° 1 14.1 OJO 753 1.54
2 14.2 0.29 76.9 1.04
3 13.6 0.30 77.7 1.04
4 14.4 030 77.3 1.56
Average 14.1Æ 2 0,30±0.003 76,9±0,4 1,3±0,2
-45° 1 12.3 0.29 81.9 1.20
2 12.8 0.29 703 1.48
3 12.7 0.30 82.7 233
4 12.5 0.29 813 1.19
Average X 12,6±0.1 0,29 ±0.003 82,1 ±0.6 1,5±0,2
+45° 1 13.5 &28 74.7 0.95
2 13.1 038 76.6 1.31
3 13.0 0.29 76.4 1.31
4 13.5 0.29 74.5 1.29
Average 13,2±0A 0.28±0.003 75,6±0,6 1,2±0,2
60° 1 11.8 0.29 76.9 1.23
2 12.5 0.31 783 1.11
3 12.0 0.29 76.4 0.95
4 12.3 0.30 80.5 1.13
Average 12.1Æ 2 0.30±0.007 78,1±0,9 1,1±0,2
90° 1 10.1 039 76.9 1.36
2 11.5 0.30 763 1.42
3 11.2 0.28 74.7 1.09
4 11.9 0.32 743 1.24
Average 11.2±0.4 0.30±0.012 75,6±0,6 1,2±0,1
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Table 5.2.-Mechanical parameters for 4 knitted layers commercial material (RTM) 
showing the standard error.
Angle # E (GPa) V UTS (MPa) 8f(% )
0° 1 14.1 0.35 99.1 1.71
2 13.7 0.34 98.3 1.62
3 14.6 0.38 94.1 1.79
4 14.7 0.35 97.3 1.71
Average 143±D,2 0.35±0.01 97.5±1.2 l,6±O,04
30° 1 14.7 0.31 76.2 0.97
2 15.8 0.30 79.3 1.62
3 14.7 0.32 77.7 1.21
4 15.6 0.35 77.4 1.10
Average 15.2É03 0J3±0.02 77.6±0,6 1,2±0,1
-45° 1 14.1 0.30 74.3 1.55
2 13.7 0.30 74.3 1.17
3 14.2 0.31 74.3 1.43
4 13.6 0.31 76.6 1.39
Average 13,9±0.2 0,31 ±0.003 74.8±0,9 1,4±0.1
+45° 1 14.2 0.34 76.4 1.56
2 13.5 0.32 76.2 1.55
3 11.5 0.31 72.2 0.90
4 13.4 0.36 7 5 J 1.74
Average 13,2±0.6 0.33 ±0,01 75,1±±,0 1,4±0,2
60° 1 13.8 0.30 76.1 1.00
2 14.0 0.34 75.4 &88
3 14.2 0.34 82.3 1.21
4 14.1 0.33 79.1 1.14
Average 14±0.3 0,3 3 ±0,01 78.2±1,6 1.1±0,1
90° 1 11.7 0.29 67.2 &82
2 11.5 0.31 72.2 0.90
3 10.8 0.30 71.2 0.93
4 11.5 0.31 72.2 0.90
Average 1L4M.2 0,30±0,005 70,7±±,2 0.89±0,02
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Table 5.2.- Comparison of results of Anwar et al (1997) with the present work
(Jts (MPa) E (GPa) Gf(%) Vf
Anwar et al
0® 128 14.6 2.3 «0.52
90° 83 12.8 1.4 «0.52
This work
0° 99 14.1 1.7 «0.47
90° 74 11.3 1 «0.47
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FIGURES
2.74 mm
#
(a)
2.74 mm
(b)
Figure 5.1.- Microphotographs of the 5 layers knitted fabric RTM composite, 
(a) longitudinal direction, (b) transversal direction
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Figure 5.2.- Stress-strain curve for 5 layers RTM material tested at 0° direction (wale)
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Figure 5.3.- Stress-strain curve for 4 layers RTM material tested at 0° direction (wale)
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RTM material in wale direction (0°)
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Figure 5.4.- Strains ratio (t/1) in 5 layers RTM material tested at 0° direction (wale)
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Figure 5.5.- Strains ratio (t/1) in 4 layers RTM material tested at 0° direction (wale)
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20 mm
Load direction
4 mm.
Figure 5.6.- Fractured specimen tested in the 0° (wale direction).
Figure 5.7.- Fractured surface o f RTM sample tested in the 0° (wale)
direction.
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Figure 5.8.- Stress-strain curve for 5 layers RTM material tested at 30° direction.
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Figure 5.9.- Stress-strain curve for 4 layers RTM material tested at 30° direction.
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Figure 5.10.- Strains ratio (t/1) in 5 layers RTM material tested at 30° direction
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Figure 5.11.- Strains ratio (t/1) in 4 layers RTM material tested at 30° direction
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Figure 5.12.- Fracture sample tested in the 30° direction . (a) Fracture area 
(b) cracking pattern.
Figure 5.13.- Fractured surface o f  RTM sample tested in the 30 direction.
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RTM material at +45°
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Figure 5.14.- Stress-strain curve for 5 layers RTM material tested at +45° direction.
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Figure 5.15.- Stress-strain curve for 4 layers RTM material tested at +45° direction.
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RTM material a t +45°
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Figure 5.16.- Strains ratio (t/1) in 5 layers RTM material tested at +45° direction
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Figure 5.17.- Strains ratio (t/1) in 4 layers RTM material tested at +45° direction
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Load direction
%
20 mm „
Figure 5.18.- Fracture sample tested in the +45° direction . (a) Perpendicular 
(b) Trying to follow wale direction.
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Figure 5.19.- Fractured surface o f RTM sample tested in the +45° direction.
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RTM material at 45^
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Figure 5.20.- Stress-strain curve for 5 layers RTM material tested at -45° direction.
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Figure 5.21.- Stress-strain curve for 4 layers RTM material tested at -45° direction.
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Figure 5.22.- Strains ratio (t/1) in 5 layers RTM material tested at -45° direction
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Figure 5.23.- Strains ratio (t/1) in 4 layers RTM material tested at -45° direction
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Figure 5.24.- Fractured specimen in the -45°. (a) parallel to loops direction
(b) perpendicular to loops direction.
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Figure 5.25.- Fractured surface of RTM sample tested in the -45° direction.
RTM material at 60°
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Figure 5.26.- Stress-strain curve for 5 layers RTM material tested at 60° direction.
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RTM material at 60°
80 
70
60 -r'"--
-  ■-  100
8 40 -K  ' _
r  - 40 UJ
0.2 0.4 0.6 0.8 1 1.2 
Strain (%)
1.4 1.6 1.8
Figure 5.27- Stress-strain curve for 4 layers RTM material tested at 60° direction.
RTM material at 60°
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Figure 5.28.- Strains ratio (t/1) in 5 layers RTM material tested at 60° direction
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RTM material at 60'
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Figure 5.29.- Strains ratio (t/1) in 4 layers RTM material tested at 60° direction
Load direction
I.-
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Figure 5.30.- Fractured specimen tested in the 60° direction.
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Figure 5.31.- Fractured surface of RTM sample tested in the 60° direction.
RTM m aterial in course direction (90°)
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Figure 5.32- Stress-strain curve for 5 layers RTM material tested at 90° (course
direction).
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Figure 5.33- Stress-strain curve for 4 layers RTM material tested at 90° (course 
direction).
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Figure 5.34.- Strains ratio (t/1) in 5 layers RTM material tested at 90° (course
direction).
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Figure 5.35.- Strains ratio (t/1) in 4 layers RTM material tested at 90® (course 
direction).
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Figure 5.36.- Fractured specimen in the 90® (course direction).
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Figure 5.37.- Fractured surface of RTM sample tested in the 90® (course 
direction)
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Figure 5.38.- Young’s modulus o f RTM material as function o f angle. For some
angles, the uncertainty is smaller than the symbol.
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Poisson's ratio of RTM material
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Figure 5.39.- Poisson’s ratio of single RTM material as function of angle. For some 
angles, the uncertainty is smaller than the symbol.
Ultimate tensile strength of RTM m aterial
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Figure 5.40.- Ultimate tensile strength o f RTM material as function o f angle. For
some angles, the uncertainty is smaller than the symbol.
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Strain to h iiu re  of RTM materiai
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Figure 5.41.- Strain to failure of RTM material as function of angle. For 
some angles, the uncertainty is smaller than the symbol.
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Figure 5.42.- Cyclic stress-strain curve for 4 layers RTM material at 0° (wale
direction).
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RTM material at 0°
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Figure 5.43.- Cyclic stress-cumulative strain eurve for 4 layers RTM material at 0° 
(wale direction).
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Figure 5.44.- Cyclic stress-strain curve for 4 layers RTM material at 30°.
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RTM material at 30'
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Figure 5.45.- Cyclic stress-cumulative strain curve for 4 layers RTM material at 30°.
RTM material at +45®
. -  --
(3) 40
0.8 1 1.2 
Strain {%)
Figure 5.46.- Cyclic stress-strain curve for 4 layers RTM material at +45°.
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Figure 5.47.- Cyclic stress-time curve for 4 layers RTM material at +45°
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Figure 5.48.- Cyclic stress-strain curve for 4 layers RTM material at -45°.
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RTM material at -45°
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Figure 5.49.- Cyclic stress-time curve for 4 layers RTM material at -45°.
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Figure 5.50.- Cyclic stress-strain curve for 4 layers RTM material at 60°.
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RTM material at 60^
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Figure 5.51.- Cyclic stress-time curve for 4 layers RTM material at 60°.
RTM material at 90°
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Figure 5.52.- Cyclic stress-strain curve for 4 layers RTM material at 90° (course
direction)
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Figure 5.53.- Cyclic stress-time curve for 4 layers RTM material at 90° (course 
direction)
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Figure 5.54.- Cyclic stress-strain curve for 4 layers RTM material at fixed strain for
30° direction.
164
CHAPTER 5
RTM material at 30*^
160100
140
120
100 c
HiCO
9 1086 73 4 50 2 Cumulative strain (%)
Figure 5.55.- Cyclic stress-time curve for 4 layers RTM material at fixed strain for 
30° direction.
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Figure 5.56.- Cyclic stress-strain curve for 4 layers RTM material at fixed strain for
+45° direction.
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Figure 5.57.- Cyclic stress-time curve for 4 layers RTM material at fixed strain for 
+45° direction.
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Figure 5.58.- Cyclic stress-strain curve for 4 layers RTM material at fixed strain for
90° direction.
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Figure 5.59.- Cyclic stress-time curve for 4 layers RTM material at fixed strain for 
90° direction.
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Figure 5.60.- Loop deformation in wale direction at (a) low strains and (b) high 
strains
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Figure 5.61.- Loop deformation in course direction at (a) low strains and (b) high 
strains
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CHAPTER 6 
RELATIONSHIP BETWEEN FABRIC
ARCHITECTURE AND CRACKING DAMAGE
DEVELOPMENT
6.1. INTRODUCTION.
Of particular interest in this work is the relationship of the complex fibre 
architecture of the Icnitted fabric composite to the damage accumulation under load. 
Earlier chapters have described this relationship at a macroscopic level. In this 
chapter, a more detailed study is presented of cracking development in relation to the 
laiitted fabric architecture. The two principal material directions, wale and course, 
were investigated since they represent the two extremes in the orientation of the 
Imitted fabric.
6.2. DAMAGE DEVELOPMENT IN MODEL SANDWICH LAMINATE 
MATERIAL.
Figures 6.1a and 6.1b show a plan view of the model sandwich specimens 
wale and course near failure where the difference in the cracking pattern is evident. 
As already mentioned (see Chapter 4), the cracks in the wale specimens develop 
initially with a crack spacing of about 4 mm, but subsequent loading produces a 
saturation crack spacing of about 2 mm, although occasional short cracks do initiate 
between the major cracks. The course specimens, on the other hand, show a much 
smoother increase in crack density up to coupon failure.
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Figure 6.2 shows examples of the crack development in the wale direction 
specimens which has been discussed at length in Chapter 4. Figure 6.3 shows a 
polished section of such a specimen a crack saturation. This section is parallel to the 
loading direction and therefore the crack planes are perpendicular to it. In this view, 
the cracks can he seen every 2 mm. It should be noted that the repeating pattern of 
the fabric (every 4 mm) can not he seen clearly since a small misorientation of the 
polished suiiace allows different parts of the loops to he seen.
The micrographs show the large resin rich areas of the central (knitted fabric) 
part of the model sandwich laminate. Cracks labelled A to D can be seen and these 
cracks have an average crack spacing of 2mm. Such crack spacing is consistent with 
cracks forming at needle and sinker loops in the Milano fabric architecture (see Figure 
4.1). It is possible to observe that the cracks are running from the tow/matrix 
interfaces and that they then propagate into the resin-rich regions (Figure 6.3).
Figure 6.4 shows examples of the crack development for the course direction 
test. At about 0.9 % strain (Figure 6.4a) it is possible to observe black spots in the 
photograph which appear at the cross-over points of the loops, as discussed in section 
4.4.2. A cross-sectional view of such a course specimen taken to a strain close to 
failure and viewed parallel to the loading direction, Figure 6.5, shows that the 
average crack spacing is about 1 mm. This is consistent with the spacmg of the sides 
or legs of the loops and is discussed in more detail in the following section. Figure 6.5 
also suggests that, in general, the cracks in the course specimens do not extend in a 
planar manner across the laiitted fabric layer. This effect, when viewed in the plan 
view (eg Figure 6.4), gives rise to the appearance of crack branching.
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6.3. RELATIONSHIP BETWEEN KNITTED FABRIC ARCHITECTURE, 
DAMAGE AND COMPOSITE CROSS-SECTIONS FOR THE MODEL 
SANDWICH LAMINATE MATERIAL
Examination of micrographs from different planes of specimens loaded to 
different strains enabled the identification of each one of the tows foiming the 
geometry of the laiitted fabric with its appearance in a composite section. For 
example, Figure 6.6 shows a portion of the laiitted fabric composite taken 
perpendicular to the wale direction. The course labelled number 1 indicates the rib, 
which holds the courses 2 and 3. This micrograph shows clearly that the repeating 
unit of the fabric occurs every 2mm. Figure 6.6b shows a micrograph of the 
corresponding portion of the fabric itself where each tow has been labelled in 
accordance with the schematic figure shown in Figure 6.6c. Note that the viewing 
direction of Figures 6.6a and 6.6h is indicated in Figure 6.6c. In Figure 6.6c, the front 
face and back face loops (courses 2 and 3) are clearly visible and connected by the rib 
(course 1).
The complexity of the structure shows that great care is required in the 
interpretation of micrographs such as Figure 6.6a. However, it is possible to identify 
the courses in such a micrograph and to label them in the same way. Figure 6.7 
shows a different plane but the same viewing direction. In this case, the section of the 
rib course l(head or needle of the loops), which holds courses 2 and 3 together, is 
visible as before, but the appearance of courses 2 and 3 is quite different.
Having interpreted the microstructure of the laiitted fabric as seen in sections 
from the model sandwich composites, it is now possible to make a rigorous analysis 
of micrographs of tested coupons to relate the crack initiation and development to the 
structure of the laiitted fabric. Figure 6.8 shows, for example, how the cracks are 
developed when the sample is tested in the wale direction. The fabric in this view is 
seen from the course direction (which is parallel to the loading direction) so the cracks 
run parallel to the course direction.
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Figure 6.8a shows a section from a specimen in which the cracks were spaced 
4 mm apart; it was found that at this stage, crack development occurs between courses 
2 and 3. These locations are represented in Figure 6.8c by dotted lines. Crack 
initiation here is not surprising. In this plane, courses 2 and 3 are close together and 
can touch, giving raise to high strain magnifications between the tows. At higher 
applied strains the cracks are spaced every 2 mm as in Figure 6.8h. Dashed lines in 
Figure 6.8c represent a second set of cracks which are propagated along the line 
where course 1 is holding either course 2 or 3, giving the final crack pattern of about 2 
mm.
In Chapter 4, it was frequently pointed out that matrix cracking was preceded 
by predamage in the foim of cracking, perhaps better called microdebonding, at the 
loop cross-over points. Such damage appears as black spots in plan view photographs 
of the specimens (eg Figure 4.45). Figure 6.9 shows evidence of such microdebonding 
at a cross-over between two yams. This wale direction sample (ie the wale direction is 
in the direction of loading and parallel to the outer 0® plies) had been loaded to a 
strain of 0.9% which is just below the onset of matrix cracking.
With the aid of these micrographs, it is possible to review the progression of 
damage for loading in the wale direction as follows. Crack initiation begins with 
dehondings, or predamage, at the loop cross-over sites and each of these sites is a 
potential crack initiator. The first main cracks initiate in those places where the float 
stitches of courses 2 and 3 are in close proximity and cracks form here preferentially 
due to the strain magnification. These positions are shown by the dotted line in Figure 
6.10. At higher strains, additional yam/matrix debonding starts to appear at 
interfaces marked A or B in Figure 6.10, which is where course 1 holds threads 2 
and 3. These debonds coalesce together forming a small crack without further 
propagation. Since course 1 crosses horizontally between the firont face and the hack 
face of the fabric, points A and B are in fact, in the same plane. Hence, cracks with a 
4 mm spacing initiate in the plane where courses 2 and 3 are proximate (the plane of 
the dotted line going through point C in Figure 6.10). When these sites have been 
used, then cracks develop at points where course 1 holds courses 2 and 3 (points A 
and B), to give a final crack spacing of approximately 2 mm.
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Considering now the course direction specimens, an edge section from a 
sandwich laminate specimen which has the laiitted fabric loaded in the course 
direction is shown in Figure 6.1 la. In this case, the specimen is viewed from the same 
direction as in Figure 6.6b. In this plane, the repeat spacing of the pattern is 2mm and 
the cracks grow parallel to the sides (legs) of the loops. At certain point they try to 
follow the twisted yams and hence appear to he branched when viewed from the 
direction shown in Figure 6.4. The dotted lines in Figure 6.11b indicate the cracking 
geometry. Again course 1 corresponds to the rib holding courses 2 and 3. For loading 
in this direction, cracks initiate at the legs of the loops, and an initial characteristic 
crack spacing does not appear. However, eventually the crack pattem will 
approximate to the spacing of the legs of the loops which is about 1 mm
Finally, analysis of a course sample loaded to a strain of 0.7%, which is just below the 
onset of matrix cracking in these specimens (which occurs at ahout 0.8%) provided 
further evidence of early damage initiation in the form of cracking at the loop cross­
over points. Figure 6.12 is a section from a course specimen with the section talcen 
perpendicular to the applied load. As indicated earlier, it is possible to identify the 
various courses in such sections and these have been labelled course 1, 2 and 3 on the 
figure. This micrograph shows clearly the predamage, or microdebonding, at cross­
over points between coui'se 1 and courses 2 and 3.
6.4.- RELATIONSHIP BETWEEN KNITTED FABRIC ARCHITECTURE, 
DAMAGE AND COMPOSITE CROSS-SECTIONS FOR THE RTM 
MATERIAL
The establishment of the relationship between the architecture of the knitted 
fabric and damage in the model sandwich laminate composites was made easier 
because of the transparency of the matrix and the low fibre volume fraction. On the 
other hand, the commercial RTM material was more difficult to analyse since the 
Derekane matrix is not transparent and the fibre volume fraction was over three times 
higher. Despite these difficulties, some progress was made in relating the damage to 
the fibre architecture.
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The wale direction specimens give the clearest cracldng patterns in the model 
sandwich specimens and so it was decided to investigate the same loading direction 
for the RTM specimens. The analysis of the geometry of the laiitted fabric was carried 
out by inspection of polished sections from both transverse and longitudinal directions 
for the wale (0°) direction taken from fractured samples of five layers composites. 
The definition of the transverse and longitudinal sections is shown in Figure 6.13.
Figure 6.14 shows a micrograph through the full thickness of the commercial 
RTM material viewed using the longitudinal section. The individual layers of cloth 
are numbered 1 to 5 and, as has been mentioned earlier (see Chapter 5), the layers do 
not remain flat during manufacture. The labelled tows are in fact rib courses because 
these were the only courses it was possible to identify clearly. A view from the 
transverse direction of the same material is shown in Figure 6.15. Again the five 
layers can he seen through the thiclaiess of the specimen, but it is too difficult to 
identify the individual courses of any one layer.
Although it was difficult to identify a regularity of cracking pattem, all 
samples from the RTM composites showed matrix cracking damage. In addition, 
dehonding between yam/matrix interfaces were also observed, as well as cracks 
which had propagated through resin-rich regions. Figure 6.16a, for example, shows 
matrix cracking which appears to extend into a microdebonding region between two 
yams. Figure 6.16b shows what appears to he microdehonding, possibly at loop 
cross-over points. Figures 6.17a and 6.17b show similar regions of cracking damage.
6.5. SUMMARY
The relationship between the laiitted fabric architecture and damage was 
analysed using edge sections and microscopy. For the model sandwich laminates, 
both wale and course direction were studied microscopically and the geometry and 
stmcture of the Imitted fabric was first analysed in order to identify the components 
of the cloth, such as the rib (course 1) and courses 2 and 3. Then the cracked sections 
were related to the architecture.
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The crack patterns in specimens loaded parallel to wale or course directions 
were related to the fibre architecture. In particular, evidence for the predamage, or 
microdehonding, at the loop cross-over points has been found.
The commercial RTM material was difficult to analyse in the same way due to 
the high fihre volume fraction and the tendency for the fabric layers to be crushed out- 
of-plane during manufacture. However, some features of the knitted fabric 
architecture were identified and related with the cracking damage. In particular, there 
was evidence of a cracking pattem in the outer layers of the composites which 
approximated to both the crack spacing seen in the model sandwich laminates (ie 
cracks every 2 mm or every 4 mm) and in the surface layer of the RTM coupons as 
faint white lines with the same spacing. Also, the microscopy showed evidence of 
cracking at loop cross-over points, similar to that found in the model sandwich 
laminate material.
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Figure 6.1.- Crack density prior to fracture, (a) wale specimen; 
(b), course specimen.
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Figure 6.2.- Cracking developing along wale direction.
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4 mm
Loading direction
Figure 6.3.- Cracking pattem along sample in wale direction. Cracks can be seen at 
A, B, C, and D. Approximately 2 mm apart.
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Figure 6.4.- Cracking developing along course direction.
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Figure 6.5.- Cracking pattem along sample in course direction.
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Figure 6.7.- Wale transversal section. The hlack single course (1) is holding together 
hoth sides of the fabric (courses 2 and 3). They are not superimposed as it is 
suggested by course 1.
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Figure 6.9.- Photographs showing microdehonding in samples tested 
in the wale direction.
Testing 
direction
Course 3 
Course 2
Course 11
Figure 6.10.- Schematic o f  the fracture process in wale direction.
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Figure 6.12.- Photographs showing microdehonding in the cross-over sites in 
a course sample loaded to 0.7% strain. Numbers correspond to each thread in 
the knitted fabric. Course direction sample, transverse section.
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t
Figure 6.13.- Scheme of the pieces taken for the sample for polishing and 
microanalysis, a) indicates longitudinal direction, b) indicates transversal direction. 
Arrows indicate plane of view.
2.74 mm
Figure 6.14..- Microphotograph showing the five threads. Sample: wale, longitudinal
direction.
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2.74 mm
Figure 6.15..- Microphotograph showing the five threads, which can he identified and 
related to the knitted fabric geometry. Sample: wale, transversal direction.
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(a) (b)
Figure 6.16.- 0° (wale direction) polished sample in (a) longitudinal and (h) 
transverse section.
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Figure 6.17.- 30° polished sample in (a) longitudinal and (b) transverse section.
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Figure 6.18.- 45° polished sample in (a) longitudinal and (b) transverse section.
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Figure 6.19.- -45° polished sample in (a) longitudinal and (b) transverse section.
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CHAPTER 7 
CONCLUSIONS AND FURTHER WORK
7.1.- CONCLUSIONS.
Milano weft-knitted fabric, produced from E-glass yams of 2x68 tex, was used 
to manufacture single layer knitted fabric composite panels. Specimens from these 
panels were tested under monotonie loading with the specimens cut at a range of 
angles to the wale (0®) direction. The stress, strain and acoustic emission activity were 
monitored during loading and the transparent coupons enabled damage accumulation 
to be obsei*ved.
All the sti'ess-strain results showed a small non-linearity for single layer 
samples tested at different orientations. From these results it was observed that the 
glass fabric/epoxy coupons failed suddenly and catastrophically when the first 
damage initiates, with the consequence that there was no acoustic emission activity 
recorded until very close to failure. It was clearly observed from the results that the 
Young’s modulus and tensile strength are both higher close to the wale direction, as 
would be expected from a two-dimensional analysis of the loop shapes (this analysis 
was caiTied out to determine the orientation of the reinforcement due to the loop 
architecture). On the other hand, the Poisson’s ratio and strain to failure were 
reasonably independent of the angle of loading.
Difficulties in analysing damage propagation in the single layer material were 
encountered due to the premature failure of the material. It was observed that the 
single layer samples failed catastrophically with the first sign of cracking without" any 
prior indication of damage in the coupon. Therefore the accumulation of damage was 
impossible to monitor in this material.
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A model material made up using a novel technique consisting of unidirectional 
glass fibre (0®) plies, with the Imitted fabric between the outer plies, was employed as 
a viable option to allow the Imitted fabric composite to develop damage initiation and 
propagation. Analysis using this model material included tests on the 0® plies alone 
and tests where the knitted fabric within the sandwich laminate was oriented at 
different angles to the loading direction. These model sandwich laminates enabled the 
damage behaviour and failure mechanisms to be related to the angular orientation of 
the fabric.
A detailed examination by microscopy enabled the relationship between the 
fabric geometry and damage initiation to be found, using at the same time the acoustic 
emission technique to support the investigation. Two important methods for treating 
the data were introduced. Firstly, a methodology was introduced for extracting, from 
the results on the model sandwich panels, the stress-strain behaviour of the Imitted 
fabric layer itself. Using this method, the onset of matrix cracking appeared in the 
stress-strain curve as a sharp discontinuity. Also, it was observed that precracking 
damage (which occurred at the loop cross-over points before matrix cracking begins) 
does not affect the derived stress-strain cuiwes and that only the matrix cracking 
damage produces such an effect. Secondly, it was shown that a reduction in the 
Poisson’s ratio occurred at the strain when matrix cracking began.
The sandwich laminates were used to investigate damage accumulation and 
hence their mechanical properties were not of particular significance since these 
parameters were dominated by the unidirectional fibres. However, their transparency 
enabled the following observations to be made. Firstly, the observed predamage in 
the Imitted fabric layer was identified for the first time to be damage occurring at the 
loop cross-over points. Other authors have speculated that the first damage occurs 
around the head or needle of loops, but this work has shown the loop cross-over 
points to be the sites of the first damage. Debonds at the yarn/matrix interface develop 
from these sites and it has been shown that the most important sites for the further 
development of the damage are the fabric planes where the float stitch of courses 2 
and 3 are held together by the rib stitch (course 1). This is probably because of the 
strain magnification here.
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The influence of the knitted fabric architecture in determining the damage 
development in the composites was also shown in the results. The angle of the fabric 
to the loading direction determines whether damage is dominated by the head (or 
needle) of the loops, or by the legs of the loops.
During cyclic tests of the model sandwich laminates, the stress-strain 
behaviour was found to be linear elastic up to the onset of cracking. After this point, 
unloading produced a residual strain, due to the relaxation of the thermal residual 
strains in these laminates. Burning off the matrix from fractured samples showed that 
there was no tow fracture suggesting that fibre tows bridge the matrix cracks without 
fracturing except in the area of final failure of the coupon.
Following the tests on the single layer composites and the model sandwich 
laminates, two types of high volume fraction commercial RTM composites were 
analysed which had the same fabric architecture but a different matrix. Considering 
first the mechanical properties, the highest Young’s modulus was found for 0^  and 30° 
directions, although the highest strength is in the 0° direction in both cases. These 
results are consistent with the results for the single layer material. In addition, it was 
found that the mechanical properties of the RTM material are much more isotropic 
than for the single-layer fabric, presumably because of the crushing together and 
rumpling of the layers of cloth to achieve the high fibre volume fraction in the RTM 
process. In addition, fracture paths at failure in the single-layer and RTM material 
were found to be similar. As in the case of the model sandwich laminates, burning 
away the matrix of fractured RTM specimens showed that there were no tow fractures 
away from the region of composite failure.
An important difference between the RTM material and the model sandwich 
laminates was found to be the cracking damage development. The crack development 
in the RTM material was strongly dictated by the Imitted fabric architecture. In the 
RTM material, the cracks are free to follow the paths in the knitted structure for all 
orientations, whereas in the model material crack propagation is dominated by the 
outer 0° fibre layers.
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Since the RTM specimens were opaque, the cracking damage development 
was more difficult to be observed and crack densities were not measured. However, 
the reduction in the Poisson’s ratio was used as an indication of matrix crack 
development.
Cyclic tests on the RTM specimens to progressively higher strains showed an 
elastic response for small strains, though it was difficult to say whether this was 
linear-elastic. For higher peak cyclic strains, hysteresis loops formed which were 
‘closed,’ and a small residual strain occurred. For peak cyclic strains greater than the 
strain for the onset of matrix cracking (as indicated by the Poisson’s ratio changes), 
the hysteresis loops do not ‘close,’ the residual strain increased on unloading, and the 
overall slope of the hysteresis loops decreased. The behaviour of these cyclic loops, 
together with the large pseudo-plasticity of the monotonie stress-strain curves, were 
explained in terms of the pulling out and stretching of Imitted loops across matrix 
cracks.
Finally, cross-sections were taken fi'om both model sandwich laminate 
specimens and RTM specimens, which were examined microscopically. Evidence of 
damage at loop-cross over points and debonding at yam/matrix interfaces were found.
7.2.- FURTHER WORIC.
An extensive research has been carried out here by obtaining detailed 
information on the Imitted fabric reinforced composite. Mechanical properties and the 
mechanisms of damage accumulation and failure by tensile loading have been 
identified and analysed. However, there are many areas that could not be investigated 
at this time. Therefore some suggestions are made here for further work.
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A two-dimensional analysis of the fibre architecture was carried out in this 
work, but is clear that this is not sufficient. It is suggested that a three-dimensional 
analysis is earned out and also that the unit cell of the fabric is identified. These two 
investigations will enable modelling of the mechanical properties to be attempted.
During monotonie testing of the RTM material, the reduction in the Poisson’s 
ratio was taken as evidence of the onset of matrix cracking. At the moment, the 
evidence that the Poisson’s ratio reduces when the matrix cracking begins in this 
material is indirect and based on observations of the model sandwich laminates used 
in this work (although other authors have also used the Poisson’s ratio as a damage 
parameter). Hence, it would be valuable to attempt to show that changes in the 
Poisson’s ratio are directly related to matrix cracking. To do this, it may be necessary 
to use a knitted carbon fabric with an epoxy resin matrix and to attempt to monitor the 
crack development using the dye-penetrant/X-ray technique.
The cyclic loading tests, which were earned out, showed that there were 
some unexpected effects with regard to the hysteresis loops (the loops did not close). 
These effects suggest that damage accumulation during cyclic loading, even to the 
same peak load, might be very rapid in these composites. However, there do not 
appear to be any studies in the literature of the fatigue performance of these materials. 
Hence, it would be useful to carry out some studies on their fatigue behaviour.
Finally, the experiments carried out here suggest that extensive pulling out of 
loops may occur across matrix cracks in these materials. If this is the case, then it 
would be interesting and important to investigate the knitted fabric composite 
degradation by the effect of external environment (particularly the effect of moisture).
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